X-ray Population Study of the
Draco Dwarf Spheroidal Galaxy

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
Eberhard Karls Universitat Tiibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von

Sara Saeedi
aus Shiraz, Iran

Tiibingen
2016



Tag der miindlichen Qualifikation: 29.1.2016
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Dr. Manami Sasaki

2. Berichterstatter: Prof. Dr. Andrea Santangelo



Abstract

This thesis presents the analysis of five XMM-Newton observations of the Draco
dwarf spheroidal galaxy (dSph) in X-rays. We performed source detection sepa-
rately for each image in each observation and for the total band mosaic image and
produced a catalogue of 70 X-ray sources. The sources were classified through
cross-correlation with catalogues of other wavelengths, spectral analysis, hardness
ratio diagrams, and variability studies. We classified 18 sources as active galac-
tic nuclei (AGNs) and 9 sources as galaxies and galaxy candidates. Six sources
were classified as foreground stars and one source as a foreground contact binary
system in the Milky Way. Four sources were classified as Low-mass X-ray bi-
nary (LMXB) candidates. One of them shows a significant pulsation, while the
others were classified based on the X-ray-to-optical flux ratio and their position in
the colour-magnitude diagram. We also found a symbiotic star, a candidate for a
cataclysmic variable, and a binary system in the Draco dSph. Based on hardness
ratios we classified 9 hard sources, which can be AGNs or LMXBs, in the field of
the Draco dSph.

In the next step, the X-ray luminosity functions (XLFs) of the X-ray sources in
the energy ranges of 2.0 — 10 keV and 0.5 —2 keV were derived. The XLFs indicate
that X-ray sources in the field of the Draco dSph are strongly contaminated by
AGNs. The 0.2—5 keV XLF shows an excess of about ten sources in the flux
ranges of ~ 1.7 x 1071 — 4.5 x 107 ergs ~'cm ~2, which are most likely objects
in Draco dSph.

The studies of XLFs were continued by deriving the XLFs of five other dwarf
galaxies, Phoenix, Fornax, Leo I, UMi, and UMa II, based on the observations
of XMM-Newton in the energy range of 0.5 — 2 keV. We studied the star forma-
tion history of each galaxy using literature, and showed that there is a correlation
between the population of X-ray binaries and the recent star formation history
of dwarf galaxies. The normalised XLF of Phoenix and Leo I dSphs represent
the XLF of dwarf galaxies before completely leaving the star forming ages. The
XLF shows that dwarf galaxies in this stage contain a population of LMXBs
with luminosities of ~10%* — 103 erg s™'. The XLFs of old dSph (Draco, UMi,
and UMa II) show that their X-ray sources have very low luminosity ranges of
~103% —103% erg s71. Therefore, it seems that they are dominated by white-dwarf
binaries and /or faint transient LMXBs. In the case of the Fornax dSph, we found
an unexpected luminosity range for its X-ray sources, inconsistent with the recent
star formation history of the galaxy. We suggested a possible correlation between
the nature of the X-ray sources of Fornax and the structure of the galaxy (its dark
matter halo). However, more studies of the nature of X-ray sources in this galaxy
are necessary.

In the last part of the studies, we estimated dark matter halo mass that is required
to keep the LMXBs of the Draco dSph, on the basis of the escape velocity of the
LMXBs. We considered dark matter halo masses, suggested by different models,
and showed that this galaxy could retain its LMXBs with speeds of <70 kms™!,
assuming a dark halo mass of > 10° M.



Zusammenfassung

In dieser Arbeit wird die Analyse von fiinf XMM-Newton Réntgenbeobachtun-
gen der spheriodalen Zwerggalaxie (dSph) Draco préasentiert. Wir haben fiir jede
Beobachtung einzeln und im Mosaik-Bild nach Quellen gesucht und einen Katalog
von 70 Rontgenquellen erstellt. Die Quellen wurden anhand von Kreuzkorrella-
tionen mit Katalogen anderer Wellenldngen, Spektralanalysen, Hartegraddiagram-
men und Variabilitdtsuntersuchungen klassifiziert. Dabei konnten wir 18 Quellen
als Aktive Galaxien Kerne (AGN) und neun Quellen als Galaxien und Galaxie-
Kandidaten klassifizieren. Sechs weitere Quellen wurden als Vordergrundsterne
und eine als Quelle Kontakt-Doppelsternsystem im Vordergrund in der Milch-
strafie klassifiziert. Von ihnen zeigt eine signifikante Pulsationen, wihrend die an-
deren aufgrund des Rontgen-zu-optischen Fluss Verhéltnisses und ihrer Position
im Farben-Helligkeits-Diagramm klassifiziert wurden. Auferdem haben wir auch
einen symbiotischen Stern, einen Kandidaten fiir einen kataklysmischen Variablen
und ein Doppelsternsystem in Draco dSph gefunden. Basierend auf Héartegrad-
verhéltnissen haben wir neun harte Quellen im Feld von Draco dSph klassifiziert,
die AGNs oder Réntgendoppelsterne mit massearmen Begleitern (low-mass X-ray
Binaries, LMXBs) sein konnten.

Im méchtsen Schritt wurden die Réntgen-Leuchtkraft-Funktionen (XLFs) dieser
Rontgenquellen in den Energiebereichen 2.0 — 10 keV und 0.5 — 2 keV erstellt. Die
XLFs deuten darauf hin, dass Rontgenquellen im Feld von Draco dSph stark mit
AGNs kontaminiert sind. Die 0.2 — 10 keV XLF zeigt einen Uberschuss von etwa
zehn Quellen im Flussbereich von ~1.7 x 107 — 4.5 x 107 ergs~! cm ™2 welche
héchstwahrscheinlich Objekte in Draco dSph sind.

Basierend auf den XMM-Newton Daten im Energiebereich von 0.5 —2 keV wurden
zusétzlich XLFs von fiinf anderen Zwerggalaxien, Phoenix, Fornax, Leo I, UMi und
UMa II erstellt. Wir haben die Sternentstehungsgeschichte jeder Galaxie mithilfe
von Literatur untersucht und konnten zeigen, dass es einen Zusammenhang zwi-
schen der Population mit Rontgendoppelsternen und der jlingeren Sternentste-
hungsgeschichte von Zwerggalaxien gibt. Die normalisierte XLFs von Phoenix und
Leo I dSph représentierten die XLF von Zwergalaxien wahrend der Sternentste-
hungsperiode. Die XLFs zeigten, dass Zwerggalaxien in diesem Stadium eine Pop-
ulation von LMXBs mit Leuchtkriften von ~103* — 10%%ergs™! beinhalten. Die
XLFs von alten dSph (Draco, UMi und UMa II) zeigen, dass ihre Rontgenquellen
einen sehr niedrigen Leuchtkraftbereich von ~1032 — 10**ergs—! haben. Hochst-
wahrscheinlich sind sie dominiert von Doppelsternsystemen mit weifen Zwergen
und/oder leuchtschwachen Kurzlebigen LMXBs. Im Fall von Fornax dSph haben
wir einen auffilligen Leuchtkréftsbereich fiir die Rontgenquellen gefunden, welcher
inkonsistent mit der jlingeren Sternentwicklungsgeschichte dieser Galaxie ist. Wir
haben eine mogliche Korrelation zwischen der Art der Rontgenquellen von Fornax
und der Struktur der Galaxie (Halo aus Dunkler Materie) diskutiert. Es sind je-
doch weitere Untersuchungen der Rontgenquellen in dieser Galaxie notig.

Im letzten Teil der Untersuchungen haben wir anhand der Fluchtgeschwindigkeit
der LMXBs die Masse des Dunklen-Materie-Halos bestimmt, die benotigt wird,



um die LMXBs in Draco dSph zu halten. Dabei haben wir Halo-Massen ver-
schiedener Modelle beriicksichtigt und gezeigt, dass diese Galaxie ihre LMXBs
bei Geschwindigkeiten <70 kms~! halten kann, wenn man eine Halo-Masse von
> 10° M annimmt.
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Chapter 1

Introduction

The observation of extragalactic X-ray sources started around 4 decays ago by
using data of UHURU ( , ), the first satellite launched specifically for
the purpose of X-ray astronomy (e.g., , ). The following generation
of telescopes gave the opportunity to study the X-ray population of nearby galaxies
and extragalactic objects in a broad energy band with high spatial and spectral
resolution.

There are several advantages in population studies of nearby galaxies which can
not be obtained in observing the Milky Way.

First, Galactic sources suffer of a large uncertainty in the distance, a model is
always required for the spatial distribution of the sources in Galactic population
studies ( , ), while in the case of the nearby galaxies -excluding the
foreground and background sources which are identified by the classification- the
distance of the X-ray sources is the one of the galaxy.

Second, the low absorption along the line of sight of nearby galaxies allows to
detect many source classes, especially soft/supersoft X-ray sources, which might
be not detected in the Milky Way population ( , ).
Third, the study of the nearby galaxies allows to investigate the X-ray population
in different types of galaxies and also different galactic components e.g., centre,
bulge, disk, globular clusters. This provides the possibility of deriving the relation
of X-ray source population with galactic structure and with star formation (see
Sect. 8).

The importance of the study of X-ray sources in the dwarf galaxies

In X-ray studies, dwarf galaxies are noticeable in some respects:

First, the presence of X-ray binary systems (XRBs) in the dwarf galaxies is a
challenge for theory ( , ). According to theoretical models,
XRBs are supposed to form a few Gyr after star formation bursts in galaxies.
Since XRBs usually consumes the mass of the donor star in a few hundred million
years, any presence of (especially) bright low mass X-ray binaries (LMXBs) in
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Chapter 1 Introduction

dwarf galaxies needs to be justified ( , ).

Different models have been suggested to explain the presence of LMXBs in dwarf
galaxies and the main scenario invokes behaviour similar to dynamical interaction
in a globular cluster, which can form new X-ray binaries at the later stage of

development ( : ). As ( ) mentioned, there are also
other suggestions, such as primarily transient accretion disks with a very low duty
cycle ( , ), or ultra compact objects, neutron star (NS) or
black hole (BH), which formed out of a white dwarf, therefore with a delay in
formation ( , ). Theories and observations are discussed

in more detail in Section. 8.

Second, as both ( ) and especially ( ) dis-
cussed, there is high expectation to find intermediate mass black holes (IMBHs)
in spheroidal dwarf galaxies (dSphs). Theoretically, IMBHs are the missing BHs
with a mass of 102 —10° Mg . They are the link between stellar-mass BHs and the
super-massive BHs (10°-10% M) in active galactic nuclei (AGNs). Based on the
extrapolation to globular clusters of the fundamental Mgy — Mpy4e relation de-
rived from the study of super massive black holes in galactic nuclei (e.g,

, ), IMBHs are expected to be found in globular clusters. Considering
the similar dynamics of globular clusters and dwarf galaxies, these galaxies also

are very good candidates to host an IMBH in the centre ( ).
Observation of X-ray sources to identify IMBHs in the central region of dSphs is
current challenge in astrophysics (e.g., , : , ).

Third, dwarf galaxies are believed to have higher dark matter to light ratio com-
pared to the other galaxies. Considering their close distances, they are ideal
laboratories to find evidence of decaying dark matter (e.g., ,

). As an example, the background X-ray emission of the Draco dSph observed
with XMM-Newton and Chandra was recently studied (e.g.,

, ; , ). It was shown that these observations are
not significant enough to prove the presence of the sterile neutrino decay line at
3.5 keV. ( ) gave an upper-limit for the decay line and showed
that an increase of the sensitivity by a factor of ~ 2 is necessary to firmly rule
out the dark-matter decay line hypothesis for the line origin. This is possible
with the XMM-Newton observation via a moderate increase of exposure towards
selected dSph galaxies. It is also noticeable that recently two groups reported the
detection of a line at 3.5 keV based on observation of galaxies and galaxy clusters

( , 2014; , 2014).

Fourth, not only the detection of the dark matter decay lines, but also the discov-

12



ery of the LMXBs by itself, can be used to estimate the amount of dark matter

in dwarf galaxies suggested by ( ) after
( ) detected five XRBs in the Sculptor dSph galaxy. We explain the details of
the ( ) methods and investigate this approach in the case of

the Draco dSph in Chapter 9.

Thesis outline

In this thesis we present the results of a study of the Draco dSph based on five
XMM-Newton observations. In chapter 2, we introduce the X-ray emission mech-
anisms, properties, and the emission processes of X-ray sources which are detected
in the field of the nearby galaxies. We also explain the different observational and
theoretical approaches to study the X-ray population of galaxies, and summarise
the results of recent X-ray population study of early-type galaxies. In Chapter 3,
The main properties of dwarf galaxies and especially dSphs are briefly explained.
We summarise the details of the most recent researches and observations of Draco
dSph, focusing on those used in this research. Chapter 4 introduces the XMM-
Newton and Swift observatories, as this thesis work is based on data of these
two X-ray telescopes. Chapter 5 contains the details of the XMM-Newton ob-
servations, data reductions and source detection. It also includes the details of
the multi-wavelengths data which have been extracted from different catalogues
and have been used in the source classification. In Chapter 6, we theoretically
explained different methods which have been used in the data analysis with the
purpose of source classification. The results of Chapters 5 and 6 have been used
for source classification. Chapter 7 explains for different classes methods for the
identification of the source’s nature. The study of the X-ray luminosity func-
tion (XLF) of the Draco dSph in Chapter 8 is performed based on the results of
source classification of Chapter 7. This function shows the expected number of X-
ray sources in Draco dSph according to XMM-Newton observations. In addition,
we computed the XLF of five other dwarf galaxies based on source classification
in other works. The morphology and properties of each galaxy are discussed in
Chapter 8. To study the correlation between star formation history and the X-
ray binary population, the XLFs of these dwarf galaxies are compared with each
other. In Chapter 9 based on the detection of LMXB candidates in the Draco
dSph and the estimation of the population of LMXBs using the XLF, the grav-
itational potential of the Draco dSph is studied. We tried to give an estimate
of the mass of the dark matter halo of the Draco dSph. Chapter 10 summarises
the results of this work. In addition, plots, data, and images which have been
extracted and applied in the process of data analysis and classification are cate-
gorised in different appendixes. Appendix 11 contains all plots, which are related
to different analyses of the work. Appendix 12 contains the tables of properties
of XMM-Newton X-ray sources and their multi-wavelength counterparts, which

13



Chapter 1 Introduction

are extracted from catalogues of different wavelengths and used in the course of
source classification. Appendix 13 presents the optical high resolution images of
the Sloan digital sky survey (SDSS9) for each XMM-Newton X-ray source.
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Chapter 2

Nearby galaxies in X-ray
observation

2.1 X-ray emission

In high-energy astrophysics X-ray emission is usually considered in the energy
range of 0.1 — 100 keV. Based on E(keV) = kgT, where kp is the Boltzmann
constant (8.5 x 107° eV K1), the temperature of photons with energy of 1keV is
equal to 1.16 x 10" K. Different mechanisms are able to reach photons with this
high energy. In the following we will explain the main processes for astronomical
X-ray emission.

2.1.1 Thermal bremsstrahlung radiation

Electrons can experience large accelerations in hot plasmas through Coulomb col-
lisions. As a result of the acceleration, electrons efficiently emit photons which
can escape from an optically thin plasma or be radiated with a thermal spectrum
from an optically thick hot structure ( , ). The radiated energy of a
single collision is calculated by Larmor’s formula. The frequency of the emitted
photon depends on parameters like the speed of the electron and the projected
closest distance to the ion. With the increasing temperature of the electrons, the
velocity and therefore the energy of their bremsstrahlung radiation increases. In
a thermal equilibrium, the speeds of electrons have a Maxwell-Boltzman distribu-
tion. With the multiplication of electron energy and ion density and integration
over the range of the speeds in the Maxwell-Boltzman distribution, the thermal
bremsstahlung radiation is describe by this formula:

E/kpT

_ 2,
I(E,T) = AG(E, T)Znine; s, (2.1)
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Chapter 2 Nearby galaxies in X-ray observation

where T is the temperature of electrons, kg is Boltzmann constant, G(F,T) is the
Gaunt factor, Z is the charge of ions, n; and n, are the densities of ions and elec-
trons, and A is a constant. The bremsstrahlung emission is a continuum emission,
however ions of the heavier elements can be excited in colliding with electrons
producing emission lines.
Thermal bremsstrahlung spectra from the hot gas are observed from different re-
gions within galaxies. Here we mention some of the examples of known thermal
bremsstahlung;:
HII regions show a flat spectrum of an optically thin gas in radio spectra. The
high energy emission of recent star formation ionises the ambient gas, and the
resulting plasma emits a bremsstrahlung spectrum.
Thermal X-ray bremsstahlung spectrum of plasmas with temperatures around
107 K is detected from the hot intergalactic gas in the cluster of galaxies (e.g.,
, ). This emission was observed for the first time by UHURU in the
Coma Cluster ( : ).
In symbiotic systems, gas accreted by the white dwarf from a companion, period-
ically encounters a shock which slows down the material falling and prevents high
density of matter on the surface. A hot optically thin plasma slowly falls down
on to the surface of the white dwarf. The energy of infalling material is converted
to thermal energy and radiated in X-rays ( , ).
The hot plasma, which is created by supernova remnant (SNR) shocks is optically
thin and has the distribution of ionised atoms. This optically thin plasma in SNR,
is a powerful tool for measuring abundances ( , ).

2.1.2 Blackbody radiation

Blackbody radiation is emitted by a photon gas in thermal equilibrium at tem-
perature T. Each temperature corresponds to an energy spectrum of a specific
amplitude. The intensity of the radiation from a blackbody is characterised by
the Planck spectrum:

hv? 1
2 ohvlkeT _ ]

(v, T) = (2.2)

where h is the Planck constant and v is the frequency of the photons. In X-ray
astrophysics the emission from young NSs or the emission form white dwarfs in
the phase after the nova burst are blackbody radiation.
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2.1 X-ray emission

2.1.3 Inverse Compton scattering

Compton scattering is elastic scattering of a photon by a charged particle, usually
an electron. The part of the energy of the photon is transferred to the recoil-
ing electron. The main process which plays an important role in astrophysical
emission phenomena is "inverse Compton scattering". In a plasma of relativistic
electrons, the electrons typically have energies larger than the energy of photons.
In this case, the photons are scattered up by electrons to larger energies. It should
be considered that relativistic electrons in the presence of a magnetic field will emit
in addition the synchrotron radiation (see Sect. 2.1.4).

The hard X-ray spectra of black-hole binaries that extends to 50 — 100 keV is
traditionally explained by inverse Compton scattering, however newest researches
show that the hard tail of the spectrum can also be related to jets from the BH.
Another example of the Comptonization® is the scattering of the cosmic microwave
background photons at the electrons of hot plasma in cluster of galaxies which is
known as "Sunyaev-Zeldovich effect".

If the radiation energy density of a given environment is sufficiently high pho-
tons will experience inverse Compton scattering. This could happen to photons
produced by synchrotron before they leave the source region. This process is
called synchrotron self-Compton and is seen in the spectrum of the Crab nebula
( : ) and the jets of blazars (e.g, : ).

2.1.4 Synchrotron radiation

When charged particles with a charge ¢ move trough a magnetic field B with
a velocity of V| the magnetic force q(V x B) causes the particles to accelerate.
The accelerated particles emit cyclotron radiation. If particles especially electrons
are relativistic (v ~ ¢), the radiation is highly beamed in the direction of the
electron velocity vector. The acceleration vector is in the direction V' x B. The
observed radiation is linearly polarised parallel to the acceleration vector ( ,

). The polarised radiation of Synchrotron emission was detected for the first
time in the Crab nebula using a Polaroid filter transmitting only one polarisation
of incident light. At some orientations of the filter some regions of the nebula
seem brighter and this pattern changes by putting the filter in other orientations.
SNRs are not the only sources of Synchrotron emission. The Galactic background
of radio emission is in general polarised due the Galactic magnetic field, Also,
relativistic jets in AGNs show Synchrotron emission in their spectra.

! The change in the spectrum of the incident radiation caused by the multiple Compton scat-
tering with a thermal distribution of electrons, called "Comptonization".

17



Chapter 2 Nearby galaxies in X-ray observation

The spectral distribution of the emission of non-thermal electrons follows a power-
law. The spectrum is defined as the number of photons per photon energy:

N(E)JE = KE™'dE (2.3)

where I" is photon index and K is a constant. When the source is "softer", the I"
increases ( : ).

2.2 X-ray sources in the field of nearby galaxies

X-ray observations of nearby galaxies show numerous different classes of sources.
They can be foreground stars (systems) belonging to the Milky Way, background
objects (e.g, AGNs and galaxies), point-like, or diffuse sources belonging to the
observed galaxy. In this section, different source types, their physical mechanisms
that produce X-ray emission, and their properties are summarised:

2.2.1 Foreground stars

Usually, different classes of stars located in almost all regions of the Hertzsprung-
Russell (HR) diagram have been detected as X-ray sources. There are just a few
classes, like coolest giants of spectral type M, that don’t show X-ray emission. But
even for those classes, there are exceptions. In X-ray surveys of nearby galaxies
a significant fraction of sources, detected in the field of view (FOV), are Galactic
normal stars. Foreground stars are relatively soft sources and are homogeneously
distributed in the FOV. The first stellar X-ray survey was performed by the Ein-
stein X-ray mission, which allowed the search for stellar X-ray emission at a level
comparable to the Sun ( , ). The stars which were detected in
this survey covered a wide range of spectral types in HR diagram and the results
showed that for most of the stars the X-ray emission is stronger than for the
Sun. High resolution spectroscopy with XMM-Newton (see Sect.4.1) and Chan-
dra ( , ), together with their broad wavelength coverage and
large effective areas, allowed studies of the stellar corona and stellar wind physics
( , 2009).

Figure 2.1 shows the HR diagram of detected X-ray stars, compiled from selected
catalogues of different surveys ( , ). The diagram shows the X-ray lu-
minosity of the detected stars in X-ray and their positions in a colour magnitude
diagram.

18
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Figure 2.1: HR diagram based on about 2000 X-ray detected stars extracted from
the different catalogues. The size of the circles characterises log(L,) indicated
in the panel at lower left ( : ).

Early-type stars
The X-ray production mechanisms in early-type stars is thought to be fundamen-
tally different from that in late-type stars. For massive stars like O, B type or
Wolf-Rayet stars, shocks forming in unstable winds create plasma with tempera-
ture of million degrees which is responsible for X-ray emission. ( ,
). For B stars, which possess much weaker winds than O stars ( ,
), there are some additional models which explain the problem of hard X-ray
emission in such objects, e.g., the impact of magnetic field on the stellar winds
( , ). The X-ray spectra of OB stars can be described
by two temperatures model considering additional absorption by the warm wind

( , 1994).

Late-type stars
The X-ray production mechanism for late-type stars is believed to be almost sim-
ilar to that of the Sun. The magnetic coronae are powered by flares owing to
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Chapter 2 Nearby galaxies in X-ray observation

reconnection in unstable magnetic fields that releases enormous amount of energy.
Usually two temperature components are used to model the X-ray emission of
the stellar coronae. The flares can cause the variability on time scales of several
hours ( , ). There are just a few exceptions like A-type stars
( , ) and coolest the M-type giants ( ) ),
which usually do not show X-ray emission, because they have neither convection
zones nor strong winds. Therefore they are intrinsically X-ray dark. However,
even in these cases there are some exceptions which are showing X-ray emission,
especially in the case of A-type stars ( , ).

Coronal emission of binary systems

Close interacting binaries keep their fast rotation rates throughout their main
life and even sometimes into the subgiant and giant evolution ( , ). The
most common binary systems that are studied are RS CVn-type systems that typ-
ically contain a G- or K-type giant or subgiant with a late-type subgiant or main
sequence companion. There is a similar class of binaries that contains two late-
type main sequence stars instead, which are called BY Dra-type binaries. Studies
suggested that the secondary star plays no role in determining the activity level
of the system other than providing the mechanism to maintain rapid rotation.
However, the surface X-ray activity of these stars is higher than those of isolated
stars with the same rotation speed ( ) ).

If their separation is sufficiently small, the two components may come into physi-
cal contact, defining the class of W-UMa type contact systems. W-UMa systems
are contact binaries of spectral type F-K with rotation periods from 0.2-1.5 days

( : ). Observations confirmed that for stars with rotation periods
less than about 0.4 days, the ratio (L,/L,) appears to decrease with decreas-
ing period ( , ). Usually, the X-ray spectra can be modelled with

two-temperature models, with temperatures of ~ 10¢ K and 107 K. The bright-
est source in the field of the Draco dSph is a foreground W-UMa binary (see
Sect. 7.1).

2.2.2 Background sources

A noticeable fraction of the X-ray sources detected in nearby galaxies do not
belong to the galaxy, but have an extragalactic origin like AGNs and background
galaxies.

Active galactic nuclei
The majority of background objects are AGNs. An AGN is a super-massive BH

20
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in the centre of a galaxy that accrets gas and dust . They are powerful sources of
radiation in a wide spectral range: from radio to v-rays. Their luminosities range
from 10?2 to 10*® erg/s, being the most luminous objects in the Universe, almost
10* more luminous than ordinary galaxies ( , ).

One of the important characteristics of AGNs is the fast variability observed in
different parts of the electromagnetic spectrum. Fluctuations of the X-ray radia-
tion on timescales from several parts of an hour into several days are a common
property of all AGNs and this leads to the conclusion that the emission region in

the AGNs have small dimension ( : ).
Another property of AGN is the strong X-ray flux. X-ray emission of AGNs is be-
tween 103 to 1016 erg/s ( : ). The main mechanism which

produce X-ray in AGNs is basically similar to the mechanism of X-ray emission
in accreting XRBs. The main difference is that the AGNs require an accretion
rate of several solar mass per year to explain the enormous output energy. This
energy is produced by an accretion disk with the radius of ~ 10 km surrounding a
super-massive BH with a mass ~ 10% — 10° M. The accretion disk is surrounded
by hot electrons which are believed to comptonise the UV photons emitted from
the disk and producing the hard X-ray spectra of AGNs ( ,
).

In X-ray spectroscopy, AGN are bright in both soft X-ray and hard X-rays. It is
believed that both components mainly arise from the inner regions close to the
central super-massive BH. The soft X-ray emission is probably formed in the ac-
cretion disk, which is also a strong source of soft UV and optical photons. The
hard X-ray emission is caused by high-energy (most likely relativistic) electrons in
hot corona above the disk, when the low-energy UV and optical photons scatter
from the disk to X-ray energies by inverse-Compton process ( ).
The X-ray spectrum of AGN in the energy range of 0.2 — 10 keV can be usually
fit by a power-law model with a photon index between ~ 1.5 —2.0. In some cases,
other spectral components are observed e.g. iron lines (especially Fe K, emission
at 6.4-6.7 keV).

Since the majority of background X-ray sources are AGNs, population studies of
AGNs and galaxy structure are performed by both Chandra ( , )
and XMM-Newton ( : ) in deep surveys of regions which
(1) are empty of bright nearby galaxies and stars and (2) have high latitude
(hence low Galactic extinction).

The X-ray luminosity functions of AGNs of the XMM-Newton deep survey are
used for reducing the AGN population from X-ray detected sources in the field of
the Draco dSph, to estimate the number of XRBs (see Chapter 8).
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Galaxies

Since most of the galaxies are believed to host a BH in their centre, the distinction
between active and normal galaxies is difficult. It is assumed that in normal
galaxies, the efficiency of the central super-massive BH is low and the thermal

emission from the centre is produced by bremsstrahlung ( , ), while the
main X-ray emission is caused by stars, accreting compact objects, SNRs, and
soft diffuse emission (e.g., , ). Therefore, the study of

the X-ray population of these galaxies is a key to understand the evolution and
star formation rate of different galaxy types. Far background galaxies are usually
visible in optical as red and extended sources. Their X-ray Luminosity is lower
than AGNs. In galaxies with an active central region, the X-ray luminosity can
reach 10*! erg s™! (e.g., , ).

Galaxy clusters

Clusters of galaxies are large concentrations in the galaxy distribution containing
hundreds to thousands of galaxies over a region of the order of ~ 1 Mpc. Such
structures are associated with deep gravitational potential wells. X-ray emission
is observed from the intra-cluster gas. The dominant X-ray emission mechanism
is thermal bremsstrahlung at temperatures of around ~ 1 keV. The thermal X-ray

luminosity of galaxy clusters is between ~ 103745 ergs™ (Voit, ). The X-ray
study of galaxy clusters especially helps to study the structure of the intergalactic
medium (e.g., , : , ).

2.3 X-ray binaries

X-ray binaries (XRBs) are systems consisting of a compact object orbiting a star
that can be observed in the optical. They are close binary systems with a transfer
of mass from the optical component to the compact object. Figure 2.2 shows
the classification of different XRBs divided up into BH systems and NS systems?.
Accreted matter falls down onto an enormous gravitational potential well and is
accelerated to extremely high velocities. When the matter reaches the surface of
the NS, it is rapidly decelerated and the free-fall kinetic energy radiated away as
heat which is available to power the X-ray source (e.g, , ).

2 usually systems with a white dwarf (as compact object) are not a subclass of XRBs and are

called cataclysmic variables (CVs).
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Figure 2.2: Classification of XRBs ( : ).

2.3.1 High-mass X-ray binaries

High mass X-ray binaries (HMXBs) contain an early-type O or B star (> 5M) as
a companion with of a compact object (NS or BH). HMXBs are strong emitters of
X-ray radiation. Sometimes they appear as the brightest objects in the X-ray sky.
The majority of HMXB is associated with NSs. The class of HMXBs is divided
into Be/X-ray binaries (BeXBs), if the optical companion is an emission line star
of type Be (sometimes also OBe, luminosity class III, IV or V), and super-giant
X-ray binaries (SGXBs), if they contain a luminosity class I-II star.
In BeXBs, the optical star emits a substantial stellar wind, removing the mass
with a rate range 107¢ — 1078M, yr~! with a velocity up to 2000 kms™! ( ,
). A NS in a relatively close orbit will capture some fraction of this wind,
sufficient to power a bright X-ray source.
SGXBs have different models: a NS in a relatively close orbit will capture some
fraction of the strong wind. This is sufficient to power a bright X-ray source (wind-
fed). If mass transfer occurs via Roche lobe overflow, then the X-ray emission is
highly enhanced and an accretion disk is formed around the NS (disk-fed). INTE-
GRAL ( , ) detected a population of highly obscured HMXBs
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with supergiant companions. They show outbursts, that are significantly shorter
than typical outbursts of BeXBs. They are known by bright flares with a duration
of a few hours and peak luminosities of 10%® — 103" ergs™!. These new systems
have been called super-giant fast X-ray transients (SFXTs) ( , ).

The lifetime of an HMXB is short (on the order of 10°~7 yr) and the Galactic
HMXBs show a luminosity between ~ 10%*737 erg s=}( , ). The mag-
netic field of the NS is strong (~ 10'? G), therefore, the X-ray pulsation is very
common in HMXBs. These system have been observed with pulsation periods
between 0.1-1000 s. Their X-ray spectrum is hard (K7> 15 keV) and they usu-
ally show X-ray eclipse. Their optical spectrum is star-like and the (L,/Lpt)
is between 0.001-10. Their common optical period is between 1-100 days (Ph.D
thesis, Gianluca Israel, 1997). HMXBs are usually associated with young stellar
populations ( , ), therefore it is not expected to observe them in old
populations like in dSph.

2.3.2 Low-mass X-ray binaries

Low-mass X-ray binaries (LMXBs) typically contain a late type (K, M) low mass
donor star with mass < 1 M, (in the case of very short period binaries, a white
dwarf can be also the donor companion). The main part of the mass is usually
transferred onto the compact object via an accretion disk yielding accretion rates

of 10719 — 107 8M, yr=t ( , ). Population stud-
ies of the Galactic LMXBs show that the majority of them have a luminosity of
~10% — 103" ergs™ ( : ). The study of (2012), using a

population synthesis code, showed that persistent LMXBs with a red giant donor,
and accretion via Roche lobe overflow, have an X-ray luminosity of ~ 1037 erg s,
while the same system which transfers the mass via stellar wind has a low X-ray
luminosity of ~ 10?3 erg s~!. In the case of the transient LMXBs, the X-ray lumi-
nosity during quiescence is of the order of ~ 1032 — 103 erg s~*. However, during
the outburst the X-ray luminosity can increase by several orders of magnitude,
and the sources become similar to persistent LMXBs. Some transient LMXBs
show soft X-ray emission in quiescence. This emission seems to depend on the
accretion rate and the disk structure ( , ). In LMXBs with white
dwarf donors, the orbital periods are shorter than 1 hr, and the mass transfer
is mainly driven by gravitational rotation. Their X-ray luminosities are between
6 x 103 — 10% ergs s~! and most of the LMXBs with a white dwarf donor are
transient.

In general, LMXBs are characterised by a high ratio of X-ray to optical flux

(% ~ 10 — 10%), faint blue optical counterpart, lack of strong optical emission
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lines, and hard X-ray spectra ( , ). LMXBs have relatively weak
magnetic fields (107 — 10* G). Rarely, pulsation are observed in this systems with
a period between 0.1-100 s (Ph.D thesis, Gianluca Israel, 1997). These systems
show different kind of X-ray variability, in particular, bursts, which are sudden
thermonuclear fusion of accreted mass on the surface of NS ( ,

).

2.4 Ultra luminous X-ray sources

Ultra-luminous X-ray sources (ULX) are XRBs in galaxies outside the nuclear re-
gion, with luminosity more than the Eddington luminosity of stellar mass XRBs
(L, > 10% ergs™'). They are most commonly found in star-forming and star
burst galaxies. One explanation for such a luminosity is that some of these ex-
treme objects may be IMBHs with a mass of M > 500M, (e.g,

, ). However, the existence and the formation of the IMBH is still
not confirmed. The centre of dwarf galaxies is an important place to search for
ULX sources as candidates for IMBHs (see Sect.1)

2.5 White-dwarf binaries

Interacting binaries like LMXBs, with a white dwarf as the accreting compact
object are known as cataclysmic variables (CVs). The white dwarf accretes mass
from a cool, late type companion star in a short period binary system. As the
transferred material carries substantial angular momentum, it does not settle im-
mediately onto the white dwarf but forms an accretion disc. The mass spirals
through the disk and heats it to a temperature of ~ 3000 — 100000 K producing
a luminosity of 0.001 — 10 L.

CVs can basically be divided into magnetic and non magnetic systems. If the case
of non-magnetic white dwarfs, the mass of companion accreting inwards onto the
surface of white dwarf with an accretion disk. The mass lands in the white dwarf’s
equatorial zone; while, if the white dwarf is strongly magnetic, the accreting mate-
rial has to follow the field lines and goes onto the surface near the magnetic poles
of the white dwarf ( , ). X-ray observations of nearby galaxies
in the past have revealed some CVs as X-ray sources (e.g., super-soft sources).
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Super-soft sources

These source are luminous, ~ erg s~ 1, but extremely soft with low tem-
peratures of kKT = 10 — 75 eV ( , ). ( )
showed based on a black-body model that the size of the source is comparable
with a white dwarf, however if the accretion disk is considered as the only source
of L, the rate of accretion should be 100 times more than the outburst state in
CVs. ( ) suggested that the nuclear fusion of accreted material
undergoing stable nuclear hydrogen burning is the source of X-ray emission.

1036738

Symbiotic binaries

Very high accretion rates can also be found in another kind of white dwarf binaries
called symbiotic binaries ( , ). Symbiotic binaries are very long period
(hundreds of days) binaries containing a white dwarf that is accreting from a red-
giant companion. Mass transfer can be either by Roche-lobe overflow or via a
dense stellar wind if a red giant is on the asymptotic giant branch. Draco dSph
contains at least one classified symbiotic star (see Sect. 7.4).

2.6 Supernova remnants

After a supernova explosion, a supernova remnant (SNR) is formed the result
of the interaction between the shock wave of the explosion and the interstellar
medium. The life of the SNR is divided into three phases: First, the ejecta shell
expands rapidly in a free expansion and sweeps up the surrounding interstellar
medium. This process heats up the shell to a temperature of 1078 K. It will
continue to the time when mass of the swept-up matter is the same as the mass of
ejecta. In the second phase, the expansion is adiabatic, since the swept-up mass
is more than the ejecta mass, however the internal energy is more than the energy
radiated by the shell material. In this situation two shock waves are formed, one
that propagates into the gas in the direction of expansion and the second which is
called the reverse shock and propagates back into the ejecta. In this phase, both
the shell and the shocked ejecta are bright in X-rays. As the swept mass increases,
the remnant becomes radiative and cooler. This stage lasts ~ 10° years and most
of the energy will be radiated ( , ). SNRs are in general
soft, extended X-ray sources, possibly, with a counterpart in the optical or radio,
except if there of additional non-thermal emission from pulsar and/or pulsar wind
nebula.

In dSph galaxies, which have very old stellar populations, the observation of SNRs
(especially that of Type II) is rare due to very short life time of the progenitors
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compared to the age of the galaxy. As the classification in Chapter 7 shows, we
did not find any SNR in Draco dSph.

2.7 X-ray luminosity function

Most of the emission from our Galaxy and other nearby galaxies, which belong to
the class of "normal" galaxies (without an AGN), seem to be caused by discrete
objects. The population of these discrete sources helps us to study the galactic his-
tory and star formation rate. For any particular class of sources, the distribution
of the number of sources versus the X-ray luminosity is called X-ray luminosity
function (XLF).

Theoretical models for XRB formation and evolution depend on the star forma-
tion history of the host galaxies allow us to identify the main physical elements
that determine the XLF slopes ( ) ). Therefore the compari-
son of the observational XLF and the theoretical result can reveal the nature and
evolution of the sources in a galaxy.

XLF in theoretical models

In simulations of the XLF there are different models based on different approaches
e.g. "Scenario Machine" or "Strar Track synthesis population code".

The Scenario Machine ( , ) is a computer code based on the
Monte-Carlo method, developed to calculate the evolution of a large ensemble
of binaries, according to the description of evolutionary processes in close binary
systems by ( ). ( ) simulated the for-
mation and evolution of different kind of binaries in an elliptical galaxy using the
Scenario Machine. They calculated the population of different type of binary sys-
tems in a typical elliptical galaxy with respect to the star formation rate.

In their model, different types of XRBs are characterised as follows:

1. An accreting NS with a main-sequence companion.

2. An accreting NS with a super-giant.

3. An accreting NS with a companion filling its Roche lobe.

4. An accreting NS with a Be star.

5. A BH with a supergiant.

6. A BH with a companion filling its Roche lobe.

7. A NS with a companion filling its Roche lobe; supercritical accretion.

8. A BH with a companion filling its Roche lobe; supercritical accretion.

9. Two types of systems are studied for the purpose of modelling extremely lu-
minous X-ray sources, assuming that the minimum initial mass of the donor is

120M.
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Figure 2.3: (a) Birth rates and (b) cumulative luminosity functions for various
types of X-ray sources in the Galaxy ( ) ). The
indices are according to the explanation of Section 8.

Figure 2.3 shows the result of the simulation for all different kinds of defined bi-

naries in the simulation. Indexes (a) and (b) are related to different parameters
for emission and stellar winds.

Scenario Machine also predicted the galactic evolution of the X-ray binary lumi-
nosity function over years. Figure 2.4 shows the evolution of the XLF of a typical
elliptical galaxy in long scale time after the star formation burst. The population
of different kind of sources can show different life times. The results show that
the XLF of XRBs depends on the star formation rate. The evolution of the rota-
tion of NSs and the life time for their X-ray stages should be taken to account in
theoretical models and it shows that there is not any universal XLF.

The other leading model, the StarTrack code, was originally developed for the

modelling of binaries with two compacts ( : ) and has under-

gone major revisions intended to treat in details the formation and evolution of

XRBs for any choice of star formation history and metallicity (
).

As an excellent sample, this model estimated the age of the young and old stellar

populations in NGC 1569 by fitting the simulated XLFs to the observational XLF

( , 2004).

Y

( ) examined the consistency of the models by allowing the
relative SFR weight, the population age, and metallicity to vary. Figure 2.5 shows
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Figure 2.4: Evolution of the cumulative luminosity functions of the X-ray sources

in an elliptical galaxy after its burst of star formation. The curves represent (1)
weak wind for massive donors with a collimation angle in supercritical accretion
regimes o = 10 , (2) weak wind with @ = 1 , (3) strong wind for massive
donors, with a = 10 , and (4) strong wind for massive donors, with a@ =
1. Time intervals from the star formation burst are (a)0-10 million years,
(b) 10-100 million years, (c)100 million—1 billion years, and (d)1-10 billion
years ( , ).

the best fit model to the observational XLF. The model is corresponding to the
young population at 70 Myr and the old one at 1.3 Gyr, with continuous star
formation for 1 Gyr. The tendency of higher luminosity in the model compared
to Chandra data is due to the bolometric luminosity adopted for the model which
is higher than those in the Chandra band. The model enables the population
of e.g., BH/NS accretors, transient systems, and thermal wind-fed systems to be
estimated.

XLFs in observational works
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Figure 2.5: Observed NGC 1569 XLF with error bars (solid lines) plotted against
predicted XLFs (dashed curves) shown with 1 o sampling errors (shaded areas).
All curves are normalised to the total number of the detected sources. In this
model, the age of the young and old populations and the SFR ratio of the young
relative to the old, is 70 Myr, 1.3 Gyr, and 40 respectively (

). |

1. Milky Way: Observational population studies of the Milky Way galaxy show
that the dominant Galactic X-ray sources are XRBs. The result of

( ) is that XLF of HMXBs (donor with mass M > 2.5M) is fit to a power
law with cumulative slope —0.64+0.15 and for the LMXBs with a power law with
slope of —0.26 4= 0.08 truncated at ~ 2.7 x 10%® erg s™1.

As it is also mentioned in the introduction, since the XLF of the Galactic sources
suffer of a large uncertainty in the distance, the population study of the sources in
other galaxies a major topic of interest. Not only, nearby galaxies provide a large

sample of X-ray sources, but also low column density allows for the detection of
the soft X-ray sources ( ) ).

2. Nearby galaxies; early type galaxies: XRBs in nearby galaxies have been
known since the Einstein era, but detections of significant samples have been lim-

ited to just a few sources (e.g., : ). Chandra and XMM-Newton
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observations have improved the XRB studies with the discovery of large numbers
of X-ray point sources in different galaxies. The samples in most cases are large
enough that we are now able to examine XRB populations in a wide range of
galactic environments with different star formation histories. The samples are
characterised by cumulative XLFs, which are fit by single or broken power-laws
and allow us to identify the main physical elements that determine the XLF slopes

(e.g., , ).

In XLF studies, galaxies or globular clusters are usually separated into young and
old stellar populations. Since this dissertation study focuses on the Draco dSph
which has old stellar population, we briefly summarise the characteristics of XLFs
in old populations.

( ) discussed that LMXBs should be present and might even
dominate X-ray sources in early type galaxies (e.g, SOs or elliptical galaxies). This
was confirmed by the statistical analysis of a large sample of early type galaxies.

Populations of several tens to hundreds of sources have been detected in E and
S0 galaxies with Chandra showing that the X-ray colours and spectra of these
sources are consistent with those expected of LMXBs, and consistent with those

of the LMXBs of M31 ( : ).

As the most remarkable studies, ( ) reviewed the work of

( ) and ( ), who respectively studied 15 nearby early-
type galaxies observed with Chandra and XLF of LMXBs for a sample of 14
galaxies type E and SO. ( ) found that the average spectrum of

sources fainter than 103 erg s=! is remarkably consistent for all studied galax-

ies, irrespective of the position of source in the galaxy. These spectra can be
fit with either power-laws (photon index of ~ 1.6) or with bremsstrahlung emis-
sion (temperature of ~ 7 keV). Sources with luminosities around or higher than
~ 10% erg s! have softer spectra with a power-law (photon index of ~ 2), consis-
tent with the soft emission of LMXBs with a BH compact object with masses of up
to 15M,. ( ) found that all the individual corrected XLFs
are well fit with single power-laws with similar differential slopes between -1.8
to -2.2, in the observed luminosity range. The similar statistic of the individual
power-laws allowed ( ) to normalise data of all galaxies and
represented a high significance XLF of early-type galaxies (Figure 2.6, left). This
composite XLF showes a break at (5+1.6) x 10%® erg s~!. With two power-law, the
best fit for the differential slope is —1.8 £0.2 in 103" to 5 x 10?® erg s~! luminosity
range and at higher luminosity, the differential slope is steeper —2.8 &+ 0.6.

As ( ) also mentioned, these results are consistent with an indepen-
dent work of ( ), who analysed four early-type galaxies (Figure 2.6,
right); however, the differential slope for the high luminosity portion of the XLF
in this work is steeper (-3.9 to -7.3). Both works show a cut-off in the XLF at
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Figure 2.6: Left: Cumulative XLF of 14 E and SO galaxies, with the single power-
law best fit (dashed line), and the broken power-law model (solid line); the M31
and Milky Way low-mass X-ray binary (LMXB) XLFs are sketched in the left
lower corner. Right: Cumulative LMXB XLFs Note the similarity of the XLFs
and the break at ~ 5 x 10% erg s™! in the E/S0 XLF.

a few 10% erg s™!. The break in power-law is higher than the luminosity which

would be expected from Eddington luminosity of a normal NS binary. It is con-
sistent with the Eddington luminosity of the most massive NSs or low-mass BHs.
Therefore, this break may be caused by the presence of both populations of NSs
and black in early-type galaxies.

( ) showed that the large X-ray luminosities of the LMXBs in
early-type galaxies (1037 < L, < 10% erg s™!) should have large accretion rates (>
1072 M yr~1). This brings the idea that for the old populated systems the presence
of LMXBs in transient forms. As ( ) explained, these transients
would have recurrence times greater than 100 years and outbursts of 1-100 years
duration. There are observations, which supported the presence of transients

e.g, the NGC 5128 LMXB population ( , ) and the discovery of
five quiescent XRBs in the Sculptor dSph ( )3. This means
that more investigations are necessary to find the real nature and evolution of
LMXBs in old stellar populations ( , ). This brief summary shows

the importance of the study of the XLF of LMXBs in the dSphs as the oldest
known nearby stellar populations.

3 Respected to the later works, two out of these five LMXBs have AGN counterparts. The
results of ( ) work are discuss by details in Chapter 9
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Chapter 3

The Draco dwarf spheroidal
galaxy

3.1 Introduction

Dwarf galaxies

The Local Group is composed of more than 50 galaxies which are divided into
three major classes: The three giant spirals (M31, M33 and the Galaxy), inter-
mediate galaxies like the LMC and the SMC, and dwarf galaxies.

Dwarf galaxies are orbiting around the giant spirals. The ( ) catalogue
listed 3617S dwarf galaxies in the Local Group. Many dwarf galaxies are extended,
ranging from under 10 in diameter to over 40. Nearly all Local Group dwarfs have
very low surface brightnesses. However it is not difficult to detect these galaxies,
but obtaining a reliable follow-up photometry is complected. Due to this fact,
measurements of the integrated photometric and structural properties of Local
Group dwarfs are challenging.

Figure 3.1 shows the position of dwarf galaxies which are orbiting around our
Galaxy. Based on the shape, dwarf galaxies are classified into different groups:
dwarf elliptical galaxy, dwarf spheroidal galaxy, dwarf irregular galaxy, dwarf spi-
ral galaxy, Magellanic-type dwarfs (intermediate between dwarf spiral galaxies and
irregular galaxies with one spiral arm, named after their prototype, the LMC).
There are also two more recently identified groups of dwarf galaxies which are
different from the others due to their young, hot, and massive stars called Blue
compact dwarf galaxies and Ultra-compact dwarf galaxies. The variety of dwarf
galaxies make them a good laboratory in many different respects, e.g. how stel-
lar evolution proceeds in chemically young environments; how dwarfs form from
larger galaxies via mergers; and the nature of dark matter in the smallest natural
size-scales ( : ).
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Figure 3.1: Optical all-sky image showing the locations of known dwarf galaxies
associated with our Galaxy (Credit: A. Frebel, MIT).

Dwarf spheroidal galaxies

Dwarf spheroidal galaxies (dSphs) are believed to be the most abundant galaxies
in the universe ( , ). They have two important charac-
teristics: first, stellar velocity measurements have shown that some of the dSphs
have a mass to light ratio of ~ 100(M/L)s, which makes them the darkest known
systems of stars in the universe. Their typical stellar mass is < 5 x 106M, cor-
responding to the absolute magnitude of M, > —9. Generally they have a size
of 10 times larger than a globular cluster, however the luminous mass density is
around 1000 times smaller. Different models are suggested to justify this partic-
ular property of dSphs which is discussed in details in Sect.9.2.1. Second, The
stellar population of the dSphs is one of the oldest known stellar populations,
which makes them interesting galaxies to study the evolution of galaxies. The
evolution of some dSphs and its relation to their X-ray luminosity function (XLF)
are studied in Chapter 8.

3.2 Properties of the Draco dSph

Draco dSph has the coordinate of Right Ascension (RA)= 17"20™19%, and Dec-
lination (Dec)= 57° 54’ 55" [J2000.0]. Its major and minor diameters are 35.5'
and 24.5" ( , ). ( ) fit the stellar density profile with a
core radius of 77 and a tidal radius of 40’1 ( : ). Deep
photometric surveys show a central stellar density increasing inward from ~2 to
05 ( , ). Age, distance, metallicity and other properties of the
Draco dSph have been investigated in several works. In the following, we give a
summary of results from the most recent studies, used or considered in our work.
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Figure 3.2: The Draco dSph in the optical r band of SDSS9 survey (I<napen
ot al., 2011). The circle shows the area which is detected in XMM-Newton
observations of the Draco dSph.

Age

While dSphs are dominated by old populations, determining a single age is very
difficult compared to single-population objects like globular clusters. Aparicio
et al. (2001) studied the star formation history of the galaxy with two different
models, based on the deep optical observations of three different fields which cover
1 x 1 of the Draco dSph in the B and R Johnson filters. The most important result
of the Aparicio et al. (2001) survey is that the stellar population is fundamentally
old (older than ~ 10 Gyr). Some 90% or 75% (depending on the method) of the
star formation in Draco dSph took place before ~ 10 Gyr ago. After that, the
star formation continued at a low rate, and apparently a small burst was produced
around 2-3 Gyr ago. No star formation activity is detected in the analysis of the
colour magnitude diagrams for more recent epochs.

Metallicity

Different studies with different approaches have been performed for finding the
most accurate metallicity for the Draco dSph stellar population. Lehnert et al.
(1992) suggested a mean spectroscopic metallicity of ~ —1.9 dex, based on 14
red giants and Shetrone ot al. (2001) estimated a metallicity of at ~ —2.0 dex
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based on six giants. Applying Padua isochrones' to Johnson B and R photometry
( ) found a mean photometric metallicity of -1.8 dex.

( ) compared V and I photometry of Draco dSph red giants to globular
clusters and derived a mean photometric metallicity of -1.7 dex. On the other
hand, ( ) who analysed a much larger area based on SDSS data,
showed that the metalliicity from the central region of the Draco dSph might not
be the same as the whole galaxy, due to the fact that the blue horizontal branch
stars show a spatially more extended distribution than the red horizontal branch
stars. Spatial gradients in the horizontal branch morphology are commonly found
in dSph and are likely due to age spreads in the central regions of these (

: ). The latest work has been done by ( ) who fit well
the theoretical isochrones line of their work, assuming an age of log(t) = 10.1
( : ) to the SDSS7 observation of Draco dSph member (taking

the source with uncertainties < 0.1 mag). They found that Z = 0.0004Z (or
[Fe/H] = —1.7 dex) is closest to the main body of the red giant branch of Draco
dSph in different filters (see Fig. 3.3). However the mean metallicity from the
comparison with the SDSS isochrone would be closer to the lower metallicity
(-1.8 to -1.9 dex). We used the ( ) isochrones in the colour-
magnitude diagram to study the optical counterparts of the XMM-Newton sources
(see Sect. 5.4.4).

Distance

( ) estimated the distance of the Draco dSph at 72 + 3 kpc using
the position of red helium-burning stars. ( ) obtained a distance of
84412 kpc using RR Lyrae variability periods. ( ) estimated a
distance of 80+7kpc. The result of the most recent works of ( )
by optical photometry suggests (m — M)y = 19.84 + 0.14 (yielding ~ 93 kpc).
Observation of ( ) suggests (m— M)y = 19.49+0.06(stat) +

0.15(sys). We used the most update distance measurement of 82.4 + 5.8 kpc

( , 2008).

Properties of the Draco dSph in optical surveys

Based on the data of SDSS7, ( ) presented a catalogue containing
5634 objects in the Draco dSph. They selected sources with 15 < g < 23. This
catalogue of the Draco dSph sources are plotted in Figure 3.4. Dwarf spheroidal
galaxies typically contain many variable stars, predominately RR Lyrae variables

! Padua isochrones is large grids of theoretical isochrones for different stellar initial chemical
compositions and ages, which is performed by ( ) for the standard Johnson
photometry.
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Figure 3.3: SDSS wugriz color-magnitude diagrams of the central 9! x 9! of
the Draco dwarf spheroidal galaxy for stars with photometric uncertainties
< 0.1 mag (grey dots). With SDSS isochrones for ages of log(t)=10.1 and metal-
licity of -2.3 dex and -1.7 dex. The main concentration of the red giant branch

of Draco lies blueward to the -1.7 dex isochrone (solid line)( , ).
typical of older, metal-poor stellar populations ( , ). Draco is no ex-
ception. The first extensive study of Draco by ( ) found 138
variable stars in the central part of Draco. ( ) also reported 142

variable star candidates, two of which were known AGNs. Figure 3.4 shows the
position of the optical variable source in the colour magnitude diagram based on
SDSS7 data. This study of the X-ray sources identified 19 AGNs whose optical
counterparts occupied the same area of the colour-magnitude diagram as the vari-
able stars. In addition, other works were dedicated to the problem of dark matter
in the Draco dSph, as discussed in details in Chapter 9, all of the optical surveys
of the Draco dSph consistently show that there is no evidence of a tidal stream in
the galaxy.

Properties of the Draco dSph in near infrared surveys

The near infrared surveys of the Draco dSph are usually focused on the red giant
branch, which is the dominant stellar population in this galaxy. The main goal
has been to measure the age and the metallicity of the system. In our approach,
classification of the red giant branch population in the Draco dSph is important
for identifying X-ray sources as LMXB or CV candidates. We used the colour-
colour diagram of (Fig. 3.5, : ) in some cases as mentioned
in Chapter 5.

37



Chapter 3 The Draco dwarf spheroidal galaxy

~Stetson . .
[Carney & Seitzer . b

16

OGrillmair et al.

Figure 3.4: Colour-magnitude diagram of optical sources of the Draco dSph.
The objects that are variable candidates are indicated with a different colour
for each catalogue. Some objects are selected as variable in more than one
catalogue. The colour-magnitude selection box for RR Lyrae variable candidates
is indicated with red lines. The two known QSOs that were selected as variables
are indicated by large black circles ( , ).
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Figure 3.5: Colour-colour diagram of Draco dSph stars detected in three near
infrared bands I, J, K with o; < 0.18 mag. Regions of expected RGB, C-
type and M-type AGB stars as well as Galactic foreground stars are indicated.
Known carbon stars are marked with thick dots ( ; ).
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Chapter 4

Observatories

Data of the X-ray telescopes XMM-Newton and Swift have been used in this
work. This chapter is a summary of the hardware equipment and the observation
process for both telescopes.

4.1 XMM-Newton observatory

The X-ray Multi-mirror Mission (XMM-Newton) observatory! was launched on
December 10, 1999 into a highly eccentric, 48 hour orbit. XMM-Newton is a key
project of the European Space Agency (ESA) in ESA’s Horizon 2000 program.
In this chapter, we review the major characteristics of the observatory and its
instruments. The design-structure of the spacecraft, the structure of the X-ray
telescopes, and the details of the X-ray detectors, known as European Photon
Imaging Cameras (EPICs), Reflection Grating Spectrometer (RGS), and Opti-
cal/UV Monitors, will be explained.

4.1.1 Spacecraft

With 4 tonne mass and 10 m length, XMM-Newton is one of the largest space-

crafts launched by ESA ( , ). The scientific goal is to maximise
the collecting area for spectroscopy and complementing the imaging capability
of the Chandra X-ray Observatory ( , ). The design contains

6 co-aligned instruments: Three imaging X-ray cameras, the European Photon
Imaging Cameras (EPICs), two grating X-ray spectrometers (RGSs), and an op-
tical monitor (OM). The spacecraft consists of four main sections as it is shown
in Figure 4.1 and explained in the following:

1. The focal plane assembly (FPA), which contains a platform to carry two RGS

L XMM is the abbreviation of the X-Ray Multi-Mirror Mission
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Figure 4.1: View of the XMM-Newton spacecraft subsystem. The external struc-
ture is removed for clarity. Credit: Image courtesy of ESA. The labels of the
equipment according to Lumb et al. (2012)

cameras, three EPICs cameras, electronics boxes and the radiators, which pas-
sively cool the charged coupled devices (CCDs) of the EPICs camera.

2. The mirror support platform (MSP), which carries three mirror assemblies, the
OM, and two star-trackers.

3. The service module, which carries the spacecraft subsystems, two solar-array
wings, telescope sun shield and two S-band antennae.

4. The long carbon fibre tube, which keeps the separation of the FPA and MSP.

4.1.2 X-ray telescope

The three X-ray telescopes have a scheme as shown in Figure 4.2. Each telescope
consists of the following elements:

1. Mirror door to protect the X-ray optics and telescope interior against contam-
ination when telescope is not in operation.

2. Entrance baffle which suppresses the visible stray lights.

3. X-ray baffles which are located in front of the mirror systems. They act as
collimators and considerably reduce the amount of stray light in the FOV of the
focal plane cameras.
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Figure 4.2: Upper image: XMM-Newton telescope assembly (L.umb et al.; 2012);
lower images: (Left) the light path in the XMM-Newton telescope with EPIC-
pn camera in its primary focus. (Right) The light path in the two EPIC-MOS
telescopes each with a reflection grating array (RGA) mounted in the optical
path (Credit: Image courtesy of ESA).

4. Mirror shells which consist of 58 mirrors. A mirror module is a Wolter I type?
grazing incident telescope with a focal length of 7.5 m and the resolution of ~ 15
in the energy range of 0.1 — 12 keV. The mirror length is 600 mm and the effective
area at 1 keV is 1500 cm? (Lumb et al., 2012). The X-ray mirrors are nickel shells
covered with thin monolithic gold (250 nm layer) and the mass of the mirror mod-
ule is 420 kg (de Chambure et al.; 1998).

2 Due to the very small incident angle required for the reflection of X-rays, it is not possible to
focus the light using a focal mirror like in optical telescopes. The critical angle for a photon
with the energy of 1 keV is 1 and it shows that a very large focal length is necessary to focus
the X-ray beams. To decrease this focusing length special methods were suggested by Wolter
(1952a,b). The configuration which is used in XMM-Newton is the Wolter I configuration,
which reflects the X-ray emission twice, first with paraboloid mirror shells and then with
hyperboloid mirrors. By using this method the length decreases considerably. Figure 4.2
shows the scheme of the reflected X-rays in Wolter I mirror in XMM-Newton.
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5. Electron deflector which produces a toroidal magnetic field to divert the soft
electrons. This deflector is located behind the mirror module.

6. Reflection grating assembly (RGA), with a mass of 60 kg, are mounted in the
light path of the two X-ray telescopes with EPIC-MOS cameras at their primary
focus. Each RGA intercepts about 58% of the total light focused by the mirror
module.

7. Exit baffle which provides an appropriate thermal environment for the grating.

The performance of each X-ray telescope is characterised by 3 different factors:
1. The image quality: The quality of an X-ray mirror module depends on its
ability to focus photons. The point spread function (PSF) of the X-ray telescope
depends on the source off-axis angle, i.e., its distance from the centre of the FOV.
Each of the three Wolter I type X-ray telescopes on board XMM-Newton has its
own PSF. In general, the core of its on-axis PSF is narrow and varies a little over
a wide energy range (0.1 — 6 keV). Above 6 keV, the PSF becomes slightly energy
dependent ( : ).

2. The effective area: The second important characteristic of the mirror perfor-
mance is their effective area, which shows the ability of the mirrors to collect
radiation at different photon energies. EPICs in full frame mode and with thin
filter are effective between the energy range of 0.1 — 10 keV and have the best
response at around 1.5 keV. The effective area of the EPIC-MOS camera is less
than that of EPIC-pn because they receive less X-ray emission compared to the
EPIC-pn camera (see Fig.4.2). It should be considered that, like the PSF, the ef-
fective area is also a function of the off-axis angle. With increasing off-axis angle,
less photons entering the telescopes actually reach the focal plane. This effect is
called vignetting. The effective area of the camera decreases by increasing off-axis
angle.

3. The stray-light rejection efficiency: X-ray stray light on EPICs is produced by
X-rays reflected only once by the mirror hyperbolas and reaching the sensitive area
of the camera. The X-ray baflle is responsible to shadow those singly reflected
rays (XMM-Newton Users Handbook, 2013).

EPIC instruments: EPIC-pn and EPIC-MOS cameras

As mentioned before, three X-ray CCD cameras onboard XMM-Newton are called
EPICs. Two of the EPIC-MOS cameras contain the RGA and more than half of
the incident flux is diverted to the RGS detectors. Around 44% of the total in-
coming flux is detected by the EPIC-MOS cameras.

All EPIC cameras are located in the focal point of the related mirror module and
performs imaging observation over the telescope field of view of 30 in the energy
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Figure 4.3: The EPIC stand-off structure. The aluminium structure is nickel
plated to reduce vacuum out-gassing. It houses the filter wheel, calibration
source, and the door; the bulkhead is part of the vacuum enclosure. It is located
on the spacecraft bulkhead using drilled bushes to bring the optical centre of
the camera to the optical axis of the mirror (Turner et al., 2001)

range of 0.15 — 15 keV (Lumb et al.; 2012).

Each EPIC camera has three parts:

1. The stand-off structure, which contains the filter wheels, door, calibration
source, interface of the spacecraft, radiation shield, and the internal vacuum bulk-
head. As it is shown in Figure 4.3, there are six locations for filters and six
apertures through which a source can shine on the CCDs. The apertures were
closed before and during the launch. The CCDs are protected against damaging
protons by a 3 cm aluminium shielding in all direction except along the FOV.

2. The cryostat section which holds the CCDs and electronic interfaces. Figure
4.4 shows the EPIC-MOS CCD inside the cryostat.

3. The radiators cool the EPICs and provide the minimum temperature of —140 K
for the CCDs. There are some outer radiator to provide thermal shielding for the
inner radiator which are cooling the CCDs with connection to cold finger and the
thermal shroud around CCDs.

There are seven CCDs in the focal plane of each EPIC-MOS camera. The central
CCD is at the focal point on the optical axis of the telescope and the outer six
CCDs are shifted toward the mirror by 4.5 mm to follow the focal plane curvature.
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Figure 4.4: CCD structures of the EPIC cameras. (Left) The CCDs of one of
the EPIC-MOS cameras in the cryostat. (Right) The CCDs of the EPIC-pn
camera. (Credit: Image courtesy of ESA)

The imaging area of EPIC-MOS is ~ 2.5 x 2.5 cm and the mosaic of the seven
CCDs cover the focal plane of 62 mm diameter which is equal to 284 (Turner et al.,
2001). The essential part of EPIC-pn detector is a 4 inch silicon wafer divided into
12 monolithically implanted CCDs. The total effective size is 6 x 6 cm? (Lumb
et al, 2012). In EPIC-pn each three CCDs are arranged as one quadrant and
each quadrant can be considered as a separated unit, which has separated power
supplies, back contact, preamplifiers, and event analyser electronics, Therefore
each quadrant can operate independently from the others. The focal point of
the X-ray telescope is at the central CCD of quadrant 1 (Striider et al., 2001).
Around 97% of the detectors is illuminated by the telescope. The remaining area
of ~ 6 cm? is out of FOV and applied for the background studies (Striider ot al.,
2001).

In order to cover the gap between the CCDs, the FOVs of the CCDs of the two
EPIC-MOSs are orthogonal with respect to each other. It means that the gaps
between the outer CCDs in one camera are covered by the CCD of the other
camera. However, the gaps around the central CCDs in both EPIC-MOS cameras
overlap. To solve this problem, the EPIC-pn CCDs are oriented 45 degree with
respect to the EPIC-MOS, Therefore, the total area of the FOV is covered by
three cameras.

The basic read out speed of the EPIC-MOS and EPIC-pn are 2.6 s and 74 ms
respectively. This speed can be changed if either a source is bright and the problem
of pile-up would occur, or a fast timing observation is necessary (Turner et al.,
2001). Different operating mode are available for the CCDs. Figure 4.5 shows
which part of the CCD array in EPIC-MOS and EPIC-pn cameras are read out
in the different modes. In XMM-Newton cameras six different observing modes
are defined: full frame, extended full frame, large, small, timing, and burst mode.
The extended full frame and burst mode are only available for the EPIC-pn. Table
4.1 shows the imaging area and time resolution in each mode for EPIC-pn and
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EPIC-MOS cameras. In the full frame and extended full frame mode all pixels
of all CCDs are read out and thus the full FOV is covered. For EPIC-pn, in the
large window mode only half of the area in all 12 CCDs is read out, whereas in
Small Window mode only a part of CCD number 4 is used. In EPIC-MOS, the
central CCD of both MOS cameras can be operated in a different mode. In the
timing mode, imaging is made only in one dimension. The data from a predefined
area on one CCD chip are collapsed into a one-dimensional row to be read out at
high speed. Since the two EPIC-MOS cameras orientation differ by 90 degrees,
the imaging directions in them are perpendicular to each other. For the EPIC-
pn, there is timing mode which is called burst mode and it offers very high time
resolution, but has a very low duty cycle of 3% (XMM-Newton Users Handbook,
2013).

Figure 4.5: Up: Images of the EPIC-pn camera in the different operating read out
modes: Full frame image, Large window, Small window, and Timing. Down:
Images of the EPIC-MOS camera in the different operating modes: Full frame
image, Large window, Small window, and Timing (Credit: XMM-Newton Users
Handbook, 2013).

RGS instruments

XMM-Newton carries two identical RGS behind two of its three nested sets of
Wolter I type mirrors (mirrors of EPIC-MOS instruments, ).
The instrument allows high resolution (E/AE = 100 — 500) measurements in the
soft X-ray range (2.1 — 0.3 keV). Each reflection grating array (RGA) contains
182 identical gratings. As mentioned before, the role of these grating stacks is
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Table 4.1: Summary of EPIC-MOS and EPIC-pn readout modes.

CCD Mode Imaging Area Time Resolution
EPIC-pn | EPIC-MOS | EPIC-pn | EPIC-MOS
(Pixels) (Pixels)
Full frame 376x384 | 600x600 73.4 ms 2.6 s
Extended full frame | 376x384 - 199.1 ms -
Large window 198x384 | 300x300 47.7 ms 0.9 s
Small window 63x 64 100x 100 5.7 ms 0.3 s
Timing* 64 %200 100x 600 1.75 ms 0.03 ms
Burst 64 x 180 - T us -

*: The timing mode provides even higher time resolution but with low duty
cycle (XMM-Newton users handbook, 2013).

the diversion of more than half of X-ray incoming flux to the focal plane camera
which contains nine CCDs (see Fig. 4.2). The separation of spectral orders is
accomplished by using the energy resolution of the CCDs. In addition this energy
resolution provides the means for background suppression since it is required that
events have the correct pulse height, corresponding to their spatial position in the
spectrum.

4.1.3 Optical/UV monitor

The Optical/UV Monitor Telescope (XMM-OM : ) is an instru-
ment that is mounted on the mirror support platform of XMM-Newton along-
side the X-ray mirror modules. It covers the wavelength between 170 nm and
650 nm of the central 17 square region of the X-ray FOV. Because of the low
sky background in space, XMM-Newton-OM is able to achieve impressive imag-
ing sensitivity compared to a similar instrument on the ground, and can detect
a B = 23.5 mag A-type star in a 1000 s integration in its "white light" filter (6
sigma). The XMM-OM consists of a Telescope Module and a separate Digital
Electronics Module, of which there are two identical units for redundancy. The
Telescope Module contains the telescope optics and detectors.
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4.2 Swift observatory

4.2.1 Introduction

The Swift gamma-ray burst (GRB) Explorer was launched in November 2004
( , ). Due to the importance of the detection of GRBs, NASA
with the cooperation of the an international team designed and built Swift. It
is a medium size explorer mission which carries three instruments: a Burst Alert
Telescope (BAT), which identifies GRBs and determines their location on the sky
to within a few arcminutes; an Ultraviolet/Optical Telescope (UVOT); and an X-
ray Telescope (XRT). Here we summarise the characteristics of each instrument
in particular to the XRT, which had been used in this work to detect one of the
LMXB candidates in the field of the Draco dSph (see Sect. 7.3.1). Figure 4.6 shows
the arrangement of the instruments in the satellite. To understand the capability
of Swift to detect y-ray flashes, we quickly review the main characteristics of the
GRBs and the Swift on board telescopes.

UWV/Optical Telescope
(UVOT)

X-Ray Telescope

Burst Alert Telescope (XRT)

(BAT)

Optical Bench

Spacecraft

XRT Radiator

Figure 4.6: The Swift satellite, (credit: Swift website)

Gamma-ray bursts

Gamma-ray bursts (GRBs) are bright flashes in y-rays that are isotropically dis-
tributed on the sky and are observable on earth at a rate of almost one per day.
The duration of the burst can be a fraction of a second to several hundred sec-
onds. The bursts are divided into two groups according to their overall duration
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T: long bursts with T > 2 s and short bursts with T < 2 s. By assuming a red-
shift of 2 ~ 1, the energy released from the 7-ray flashes is around 10°! — 10°2
ergs. Assuming radiation is beamed, the energy of a GRB is comparable to the
total energy released by a supernova ( , ). There are different models
suggested to explain GRBs on different time scales. The main model invokes the
merger of either two NSs, or a NS with a black-hole (BH) (e.g, :

). Other models such as the formation of rapidly rotating highly magnetised
NS ( , ), the cataclysmic collapse of a single massive star ( : ;

, ), and the collapse of a super-massive NS to a BH (

, ) are also considered to explain the various properties of GRBs. It is

also shown that according to the accretion theories, cataclysmic collapse of a sin-
gle massive star (collapsar) can produce long GRBs and only NS-NS (or NS-BH)
merger can produce short bursts ( , ). The GRBs are followed
by an afterglow, a lower luminosity, long lasting emission in the X-ray, optical and
radio band.
The following three parameters can be measured directly in prompt observations
of GRBs and allow the study of their progenitors: the total energy released, the
nature of the host galaxy (if one exists), and the location of the burst within the
host galaxy. The angular resolution of XRT and UVOT allows to determine the
precise location of the BAT-discovered bursts ( , ).

4.2.2 Burst alert telescope

The Burst alert telescope (BAT) is the instrument which first detects the GRB
and localises the burst direction to an accuracy of 1-4 arcmin within 20 sec after
the start of the event ( : ). The energy range is 15 — 150 keV for
imaging. Within the first 10 s of detecting a burst, BAT will calculate an initial
position, decide whether the burst merits a spacecraft slew, and, if worthy, send
the position to the spacecraft. BAT uses a two-dimensional coded mask and a
large-area solid state detector array to detect weak bursts and has a large FOV
to detect a good fraction of bright bursts. The detection algorithm of the BAT is
upgraded based on the HETE-2 (High Energy Transient Explorer, ,
) which looks for excesses in the detector count rate above the expected
background and constant sources.
BAT has two main operative modes: burst mode, which produces burst position,
and survey mode, which produces hard X-ray survey data. In the survey mode
BAT collects count rate data with a time bin of 5 minutes for 18 different energy
bands. This hard X-ray survey has two benefits: first, it provides a sensitive
hard X-ray all sky survey, and second, sources which are found in these images
are compared against an on board catalogue of sources. Those sources either
not listed in the catalogue or showing large variability are deemed transients. A
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subclass of long smooth GRBs that are not detected by the burst trigger algorithm
may be detected with this process (Gehrels et al., 2004).

4.2.3 X-ray telescope
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Figure 4.7: A block diagram of the Swift X-ray telescope (XRT)(Burrows et al.,
2005).

The X-ray telescope (XRT) is a focusing X-ray telescope which uses a grazing
incidence Wolter 1 telescope to focus X-rays onto a CCD. The complete mirror
module for XRT consists of the X-ray mirrors, thermal baffle, a mirror collar,
and an electron deflector (Figure. 4.7). A telescope tube holds the focal plane
camera containing a CCD-22 detector. The CCD-22 detector was designed for
the EPIC-MOS instrument on XMM-Newton. The CCD has an imaging area of
600 x 602 pixels (40 x40 mm) which is sensitive in the energy range of 0.2—10 keV.
The effective area of the of the telescope is 110 cm?, and the FOV is 23x23.
Three main read out modes are defined for the XRT to ensure that it coves the
rapid variability of the GRB afterglows:

1. Imaging mode which produces an integrated image measuring the total energy
deposited per pixel. Spectroscopy is not possible because of the highly piled-up

49



Chapter 4 Observatories

image. However, this mode produces an accurate position and also a good flux
estimation. 2. Windowed timing mode can not provide an accurate position,
but produces high time resolution data (2.2 ms) and a bright source spectroscopy
through fast CCD readout. 3. Photon-counting mode uses sub-array windows
with a time resolution of 2.5 s to permit full spectral and spatial information es-
pecially for sources with a flux around or below 1 mcrab ( , :

, 2004).

In serendipitous surveys, the XRT can start to observe the GRB before the end
of it. This long observation provides an accurate position of GRB within the 5
seconds of the typical burst, allowing the ground-base optical telescope to immedi-
ately observe the afterglow ( , ). Furthermore, it is also possible
for the ground-base Gamma-ray (e.g, the HESS observatory) telescopes to catch
the GRB afterglow in the case that they can catch the flash position promptly

(e.g., , ).

4.2.4 Ultra-Violet/Optical telescope

The Ultra-Violet/Optical telescope ( : ) design is based on the
OM on board XMM-Newton (see Sect. 4.1.3). UVOT is co-aligned with the XRT.
Low resolution spectra of bright GRBs and broadband UV and optical photome-
try is possible with this telescope. The CCD has 385 x 288 pixels which provides
a 17 x 17 FOV.

The guest investigator programme of Swift allows scientist to submit observational
proposals in the field of GRBs and also of other kind of transient sources. To
have more information about source XMMUJ172140.6+580244 as a pulsing LMXB
candidate, we submitted a proposal for a 10 ks observation with XRT in imaging
mode (see Sect. 7.3.1). The XRT pipeline produces cleaned, calibrated event list
files and standard products for the observation. We performed the pipeline source
detection process according to the steps of the Swift XRT data reduction guide
(version 1.2, NASA).
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Observations and data analysis

5.1 Observations

We analysed the public archival XMM-Newton ( , ) observations
of the Draco dwarf spheroidal galaxy (dSph). Table 5.1 summarises the used
XMM-Newton observations and shows the details including identification, date of
observation, instrument mode, filter, and the flare-filtered exposure time — after
screening of high background (see Sect. 5.2.2)— for the three cameras EPIC-pn and
two EPIC-MOS cameras, (see Sect. 4.1.2). All observations have the same pointing
at the centre of the galaxy (RA= 17" 20™ 12%.40, Dec= +57° 54 55”3, J2000). In
all observations EPIC-pn and EPIC-MOS cameras were operated in the full-frame
mode with a time resolution of 73.4 ms and 2.6 s, respectively. The observations
were taken from 2009-08-04 to 2009-08-28.

5.2 Data analysis software

Data analysis was performed using the XMM-Newton Scientific Analysis System
(SAS) ! version 11.0.1 to 13.5.0, which is a collection of tasks, scripts and libraries,
specifically designed to process and analyse data collected by the XMM-Newton.

The software xspec? version 12.8.1 was used for spectral analysis ( , ).
We also used ftools?® ( , ) software package version 5.3.1, as well
as ds9? ( , ). Shell scripts were used for analysis chains. We

used IDL version 8.1 for calculations and diagrams.

! the SAS homepage http://xmm.esac.esa.int /sas/
2 http:/ /heasarc.nasa.gov /xanadu/xspec/

3 http:/ /heasarc.gsfc.nasa.gov /ftools /fv

4 http://ds9.si.edu/site/Home.html
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5.2.1 Data pre-processing

For each XMM-Newton observation data are provided in the file ODF, which
includes the raw event files of all instruments, housekeeping files, radiation monitor
files, and spacecraft files. These data are processed applying the newest calibration
files using the latest version of SAS. Since SAS tasks need calibration information
from the calibration access layer (CAL), first, we ran the tasks cifbuild and
odfingest to match the input data with calibration files of CAL. For EPIC-MOS
cameras, the task emproc, and for EPIC-pn camera the task epproc were run to
create the calibrated photon event lists. At this stage, the output files are event
files contaning the information of each event, i.e. the position of the detected
event on CCD, the detection time, the energy, and the pattern of the detected
photons.
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Table 5.1: XMM-Newton observations of the Draco dSph

ID * | Observation ID Observation Date EPIC-pn EPIC-MOS1 EPIC-MOS2
mode/filter’ T.exp [ks|* mode/filter’ T.exp|ks| * mode/filter’ T.exp [ks]|*
OBS1 0603190101 2009-08-04 FF/Thinl 17.0 FF/Thinl 18.6 FF/Thinl 18.6
0OBS2 ‘ 0603190201 2009-08-06 FF/Thinl 18.0 FF/Thinl 19.4 FF/Thinl 16.4
OBS3 ‘ 0603190301 2009-08-08 FF/Thinl 12.5 FF/Thinl 12.7 FF/Thinl 12.8
OBS4 | 0603190401 2009-08-20 FF/Thinl 3.1 FF/Thinl 9.3 FF/Thinl 7.2
OBS5 ‘ 0603190501 2009-08-28 FF/Thinl 18.0 FF/Thinl 19.6 FF/Thinl 19.6

*: IDs used in the text.

1: FF: full frame.
x: T.exp: exposure time after screening for high background.
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5.2.2 High background contamination

We screened the high energy background to exclude the time of high background
due to soft proton flares. High energy background light curves were constructed
from the source-free regions of each observation. For creating the light curves, the
task evselect was run with a time-bin-size of 10 seconds. The light curves for
each observation are shown in Appendix 11. According to the light curve, good
time intervals (GTI) which have low background were determined and selected.
The net exposure was obtained by filtering out the flare by running tabtigen.
The net exposure times are shown in Table 5.1. Since for OBS4, there were two
event files of EPIC-MOS, we merged the two event files (by running task merge)
and filtered the flares. Because of the long duration of flares in this observation,
the net exposure time is shorter than the others (see Table 5.1).

5.2.3 Images of single observation

For each observation, data were split into five energy bands: B1 (0.2 — 0.5 keV),
B2(0.5 — 1.0 keV), B3 (1.0 — 2.0 keV), B4 (2.0 — 4.5 keV), and B5 (4.5 — 12 keV).
Single to quadruple pixel events (PATTERN < 12) were used for all five energy
bands of EPIC-MOS. In the EPIC-pn, for the first energy band only single-pixel
events (PATTERN = 0), and for the other energy bands single and double-pixel
events (PATTERN < 4) were used. This selection is applied because of the rel-
atively higher noise in the softest EPIC-pn band. For creating images, we ran
evselect on the filtered event files. In EPIC-MOS we used an image bin-size of
22 in both X and Y axises which is equal to 171, and in EPIC-pn, we used a image
bin-size of 84 which is equal to 4”2.

5.2.4 Mosaic image

Since longer exposure time increases the chance of the detection of faint sources
which were not detected in single observations, we merged all EPIC images of all
observations to create mosaic images. In the first step of preparing the event files
for the mosaic image, we ran the task emosaic-prep to separate the calibrated
event files in "EPIC-Mosaic" mode. We were allowed to select one pattern for the
calibrated event file in each EPIC. Therefore, the EPIC-pn (PATTERN < 4) was
selected for the first energy band instead of (PATTERN = 0). Due to this new
pattern, to avoid high fluctuation in the soft band of the EPIC-pn, we set the lower
cut of the first energy band into 0.3 keV. In the next step, the task emosaicproc
was performed to run source detection on mosaic image. The output files contain
exposure maps, detector mask images, background maps, and the mosaic source
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Figure 5.1: The logarithmically scaled mosaic RGB image of XMM-Newton ob-
servations in the field of the Draco dSph. The images are smoothed with a
2D-Gaussian with a kernel radius of 1.5 pixels.

list. In the last step, we produced combined mosaic images by running the task
emosaic. The mosaic RGB (red-green-blue) images of EPIC-pn and EPIC-MOS
is shown in Figure 5.1. The colours represent the X-ray energy ranges, 0.3 — 1.0
keV (red), 1.0 — 2.0 keV (green), 2.0 — 12 keV (blue). The images are smoothed
with a 2D-Gaussian with a kernel radius of 1.5 pixels.

5.2.5 Source detection

In the process of source detection, we ran the SAS task edetectchain separately
for the images of each observation/EPIC and simultaneously for five energy bands.
The task edetectchain is a script consisting of the SAS tasks eexpmap, emask,
eboxdetect (local mode), esplinemap, eboxdetect (map mode), emldetect, and
esensmap.
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The task eexmap creates an exposure map by using the images, the attitude file,
and the event files. In the next step, the detection mask for exposure map is
created by the task emask. This mask contains the integer values 0 and 1. The
value 0 is selected when the value of exposure map is less than 30% of maximum
value of the exposure and the gradient of the exposure map is steeper than 0.5.
In the next step, eboxdetect performs a preliminary source detection and cre-
ates a list of source positions, where the background is calculated from a window
around each source. We selected the maximum detection likelihood of 10 as a
threshold for detecting the sources. The detection likelihood of sources in an
XMM-Newton data set is calculated based on several parameters (e.g, PSF of
sources, their extension, cash statistics in each defined energy band). Finally, the
detection likelihood is defined by L = —In(p) where p is the probability of poission
random fluctuation of the counts and can be used to calculate the confidence level
of observation. This probability is calculated from the raw counts of the source
and the raw counts of the background.

By removing the detected sources, esplinemap creates a spline background map
by using the list of sources created by eboxdetect. We used the number of spline
nodes of 16. At this time, the spline map of background helps to improve the
detection sensitivity. The task eboxdetect is run again this time in map mode
(usemap=yes). We took the default minimum detection likelihood of 8. The task
emldetect generates the final list of sources (emllist). It performs a simultaneous
PSF fits to the source count distribution in all energy bands for each EPIC for
all sources with a maximum likelihood (ML) > 10. This task does not find any
new source but characterises the detected sources by taking three parameters, the
source count rate, source position (RA, Dec), and source extent.

Finally, the task esensmap is run to create the sensitivity map specially to have an
upper-limit flux of the expected sources which are not detected by the process of
source detection. We can run it just for one band or simultaneously for all energy
bands.

As the result of source detection, the output files generated for each EPIC are
background maps, exposure maps, sensitivity maps, detector mask image, and
final source list which includes the source coordinates, source counts, source im-
age pixels X and Y, source extent (image pixel), ML of detection, likelihood of
extent, background at source location (counts/pixel), exposure at source location
(seconds, vignetting corrected), source count rate (counts/sec), hardness ratios,
vignetting, integration time (not vignetting corrected), and quality flag.

5.2.6 Catalogue of sources

Sources were detected on images of all observations in all energy band, as well
as different energy band mosaic images. Source detection was limited to ML>10
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(corresponding to ~ 3.9¢ level of confidence for a detection in one camera image).
Table 12.1 shows the detection ML of each source, for EPIC-pn camera as well
as the average of ML in each observation, and the ML of mosaic image. Table
12.2-12.4 shows the XID flux (0.2 — 4.5 keV) for each EPIC observation. "“N”
represents the case that source is located out of filed of view (FOV) of instrument,
and "G”, shows when it is located on a gap or damaged pixel(s). If the source
inside FOV is not detected by an instrument, the upper limit is given as "<”.
The method of the calculation of the upper-limit is explained in Sect. 6.3. In each
observation, we detected about 60 — 65 sources with EPIC-pn and 15 — 25 with
MOS1/2. Eight sources were artifacts, i.e., false sources detected on, e.g., bad
pixels or chip edges, and were removed from the source list.

Since we performed source detection separately for all observations for each EPIC
and each energy band, we had to combine the results to obtain a final source cata-
logue. First, we examined each list of detections by visual inspection and removed
spurious sources caused by bad pixels, hot columns, gaps, or edges of the CCD
chips. After all the artifacts were removed, the source lists of all observations for
all EPICs and all five energy bands were combined into one source list.

We obtained 70 sources as X-ray sources in the field of the Draco dSph. Most of
the sources were detected in more than one pointing which allows us to study their
X-ray variability (see Sect 6.3). The general properties of the sources is shown in
Table 7.3, which contains the position of each source, total count rate and total
flux (0.2 — 12 keV), and hardness ratios. The selected position of sources corre-
sponds to the position of the detection on a camera and observation with the best
(highest) ML. The weighted flux and its error calculated using the energy conver-
sion factor (ECF) is explained in Sect. 6.3. Hardness ratios (HRs) are calculated
and given for all sources. The HRs for each source are the weighed HRs of the
observation with the best statistics. Since the HRs are considered a sensitive tool
for representing the spectral type of source, it is only trustful if the corresponding
count rates in each energy band have significance higher than 30. Therefore, we
considered the hardness ratios of sources significant if the detection MLs of the
related energy bands were more than 6. Section 6.5 shows how the HRs are used
as a tool for the source classification. For each of the detected sources, we derived
the X-ray flux (in units of erg s~! cm™2) in each energy band using the relation:

B;

where B; is the count-rate and EC'F;} is the ECF, which was calculated according
to the recent calibration matrices of EPIC-MOS and EPIC-pn. We obtained the
ECF by assuming a power-law model with the Galactic foreground absorption of
Ny = 2.46 x 10 em—2 ( : ) and a photon index of I' = 1.81
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Table 5.2: ECFs for each EPIC energy band

Energy-band EPIC-pn EPIC-MOS
B1 (0.2 —-0.5keV) 1.12e+12  1.79e+11
B2 (0.5 —-1.0 keV) 9.05e+11  1.91e+11
B3 (1.0 —2.0 keV) 5.72e+11  2.05e+11
B4 ( )
)

20—-45keV) 1.98e+11  7.73e+10
B5 (4.5 —12keV) 5.59e+10  1.54e+10

which is obtained by fitting a power-law model to the spectra of hard sources (see
Sect. 6.4). Table 5.2 lists the value EC'F's for each EPIC energy band.

The faintest detected source in the field of the Draco dSph, which is neither
classified as a foreground nor as a background object, is source No 28 with a
luminosity of (3.94+1.69)x10% erg s~

5.3 Astrometric Correction

5.3.1 Offset of source positions based on the XMM-Newton
observations

We selected bright point and point-like sources which were detected in all obser-
vations in order to correct the X-ray position. We checked the difference between
RA and Dec of OBS2, 3, 4, and 5 with respect to OBS1 to see if there is a shift
in the position of sources in each of the observations to verify possible offset in
their positions in different observations. The weighed means of ARA and ADec
were calculated. We could not find any shift in none of the observations.

5.3.2 Correcting the positions of the detected sources using
the optical counterparts

We corrected the positions of the sources for each EPIC in the observation, with
respect to the their counterpart in the optical, which have more accurate position
measurements than X-ray source. To obtain a more accurate position for the X-
ray sources, we determined the systematic errors between the X-ray positions and
their counterpart in the optical catalogues (see Sect. 5.4). For this purpose, the
final XMM-Newtonsource list was cross-correlated with optical catalogues. For
the correction of X-ray coordinates, we were interested in associations between
X-ray sources and foreground stars or point-like background objects (like quasars
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and AGNs). We selected 14 bright X-ray sources with counterparts in the optical,
which were known to be foreground stars or AGN /quasars (see Sect. 5.4).

For each observation and instrument, we separately calculated the weighted mean
of ARA and ADec between the positions of optical and X-ray sources. The plots
(Fig. 11.2) show the difference between optical and X-ray positions for each EPICs
in five observations. The position of the optical counterpart is selected as the
centre of the plots and the X-ray ARA and ADec offsets are shown. The error
bars represent the combined errors of statistical X-ray error and corresponding
optical error. ARA and ADec have been calculated and corrected for each EPIC
separately. Table 5.3 shows the ARA and ADec offsets of EPIC-MOS1, EPIC-
MOS2, and EPIC-pn for five observations and mosaic image. The final coordinate
of the X-ray sources in Table 7.3 are the corrected positions in the observation
with the highest ML.

Table 5.3: Offsets of the different XMM-Newton observations of the
Draco dSph.

OBS-ID EPIC ARA (") ADec (")
OBS1 PN ~0.09 + 0.01 0.03+0.01
MOSI  —0.18+0.03  —0.07 +0.03
MOS2  —0.23+0.02 —0.014 + 0.02
OBS2 PN —0.10+0.01  —0.13+0.01
MOSI  —0.06+0.03  —0.15+0.03
MOS2  —0.124£0.02  —0.09 % 0.02
OBS3 PN —022+0.02  —0.08+0.02
MOS1  —023+0.05  —0.08+0.05
MOS2  —0.22+0.04 0.04 + 0.04
OBS4 PN 0.05+008  —0.15+0.08
MOS1 0.11£0.05  —0.07+0.05
MOS2 0.05+£0.07  —0.08+0.07
OBS5 PN 0.03£001  —0.07£0.01
MOS1 0.09 & 0.06 0.06 & 0.06
MOS2  —0.06+0.03  —0.02 +0.03
MOSAIC —0.035£0.002 —0.030 % 0.002

5.4 Cross correlation with other wavelengths

In the first step of identifying X-ray sources in the Draco dSph, we searched for
correlation around each X-ray source position with other catalogues. We searched
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within the radius of 3 x /02, + 02 in catalogues at different wavelengths in

VIZIER! and SIMBAD? archives. The parameter oy, is the statistical error
derived by emldetect, and o4, comes from the positional error of the correlated
source and also from the uncertainty of the offset between optical and X-ray
positions. Sources are considered as counterpart if their positions overlap within
30 (= 0.9973) positional error ( : ). The positional uncertainties
were either taken from the respective catalogues or from the technical data of the
telescopes.

5.4.1 Milky Way stars catalogue

The catalogue of hot star and hot white dwarf candidates ( : )
is a list of UV sources from the Galaxy Evolution Explorer (GALEX) sky survey
and contains stars in the Milky Way. To classify foreground stars we checked
for cross-correlations with sources of this catalogue. The positional error of the
sources was ~05.

5.4.2 Quasars and AGNs catalogues

There are a noticeable number of AGN and quasar catalogues that cover the field
of the Draco dSph. We selected the most updated and popular catalogues:

the Quasars and AGNs Catalogue (13th Ed, , ), QSO
Candidates Selection in Virtual Observatory Era ( , ), Pho-
tometric Classification Catalogue of SDSS DR7 ( , ), Large
Quasar Astrometric Catalogue 2 (LQAC-2, , ), Photometric Se-
lection of Quasars from SDSS II ( : ), All-sky Atlas of Radio/X-
ray Associations ( , ), and the Quasar Catalogue of

( ) in the field of the Draco dSph.

5.4.3 The Draco dSph stars catalogues

A catalogue of stars in the Draco dSph exists from deep photometric studies with
the new Canada-France-Hawaii telescope wide-field imaging Camera (MegaCam)
with three different filters (¢ = 487 nm, r = 625 nm, i = 770 nm), the Wide Field
Camera of the Isaac Newton telescope (INT) with standard filters (V, I), and the
Wide Field and Planetary Camera on board the Hubble space telescope (HST)

! http:/ /vizier.u-strasbg.fr /viz-bin/VizieR
2 http://simbad.u-strasbg.fr/simbad /
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Figure 5.2: The spectral coverage of the MegaCam g,r,7 and SDSS u, g,r,1, 2
filter sets ( , )

( , ), which lists the members of the Draco dSph based on the
analysis of colour-magnitude diagrams for each observation. The HST survey is
limited to the centre of the galaxy, where no XMM-Newton X-ray source was
detected. In MegaCam and INT catalogues, we found more than one counterpart
generally in the 3o error circle of the X-ray sources. Therefore, we selected the
brightest optical source as a counterpart. If there were counterparts in many
optical or infrared (see Sect. 5.4.5) catalogues, we selected the brightest source
with consistent magnitudes in the same energy bands of the different catalogues
as the counterpart.

The counterparts of INT and MegaCam are given in the Tables 12.7 and 12.8. The
tables show the position of the counterparts and apparent magnitudes in different
filter bands. For INT sources we considered extinction correction of V, I optical
bands according to 12.5.

The effective wavelengths of the MegaCam bands (g, r, ) correspond to the SDSS9
g,7,1 bands (Fig. 5.2). Therefore we applied the extinction correction of SDSS
bandss for MegaCam band according the to Table 12.5.

Figure 5.3 shows the colour-magnitude diagram of the optical counterparts of the
MegaCam catalogue. To have a more accurate idea about the nature of the optical
counterparts, we over-plotted the isochrone line on colours-magnitude diagrams.
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As ( ) showed, the best-fit isochrone line for the stellar population
of the Draco dSph has an age of 10 yr and metalicity of 0.0004 (more details of
explained in Sect. 3.2). The colour and absolute magnitude of the isochrone lines
are based on the SDSS9 energy bands. As it is shown in Figure 5.2 the spectral
coverage of the SDSS and MegaCam energy bands are very similar. The magnitude
of the bands of MegaCam are related to SDSS according to following equations,
which are provided in MegaPipe image stacking pipeline of the MegaCam ugriz
set ( : )

Uprega = Uspss — 0.241(uspss — gspss) (5.2)
GMega = 9spss — 0.153(gspss — rspss) (5.3)
TMega = TsDss — 0.024(gspss — Tspss) (5.4)
iMega = tspss — 0.003(rspss — ispss) (5.5)
ZMega = Zspss + 0.074(ispss — zspss) (5.6)

It allowed us to compare the SDSS9 sources with the MegaCam sources. Out of
the isochone line of SDSS ( , ), we calculated the isochrone line
of the Draco dSph sources for the MegaCam using this set of formulae.
Due to the larger exposure time of the Mega-Cam (950, 1090 and 1700 s respec-
tively for g, r and ¢ bands) compared to SDSS9 (53.9 s per band) there are plenty
of X-ray sources which have faint optical counterparts in Mega-Cam and not in
SDSS9. It should also be noticed that ( ) removed known back-
ground and foreground sources from the MegaCam catalogue of Draco dSph, there-
fore some known sources are missing in the colour-magnitude diagram (Fig. 5.3).
The positional error of the optical sources in this catalogue is <05.
One of the aim of the deep surveys with INT, MegaCam, and HST was the study
of the mass-to-light ratio in this galaxy ( , ). Therefore, these
catalogues should not contain any known foreground stars and background ob-
jects (galaxies, AGNs, quasars) that were classified before. However, there are
still many foreground and background objects which have been classified as stars
of Draco dSph in these catalogues as we will see later.
For more accuracy, we also considered other catalogues of the Draco dSph, in
which the members of the galaxy are classified by different methods in different
wavelengths. The catalogue of ( ) contains a few hundred stars
which were selected based on radial velocity measurements. ( )
classified all sources with ¢ < 23 mag of the SDSS7 survey in the field of the
Draco dSph as stars in the galaxy, background galaxies or unclassified faint source
by several photometric methods. The selected members of Draco dSph are consis-
tent with five other previous catalogues. On the basis of the infrared and optical
observations ( ) classified late-type stars in the Draco dSph.
( ) selected the members of the Draco dSph in R and V' band
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Figure 5.3: The colour-magnitude diagram of MegaCam optical counterpart of
the X-ray sources. The violet line is the steller isochrone for the age and metal-
icity of the Draco dSph (Sect. 5.4.4). Foreground stars are marked with asterisk,
AGNs with crosses, galaxies with squares, X-ray binary candidates with circles,
super-soft sources with triangles, and the remaining unclassified sources are just
shown as black dots. Source No 65 is a candidate of LMXB which had a op-
tical counterpart only in the MegaCam catalogue and is coloured in red (see
Sect. 7.3.1).

photometry.

5.4.4 Optical catalogues

The catalogue of SDSS9 ( , ) is the most updated optical catalogue
which covers the field of the Draco dSph. We selected this catalogue as the
main optical reference as we had access not only to its images but also to the
apparent magnitudes and errors in five different optical energy bands from near
ultraviolet (UV) to near infrared (u = 3551, ¢ = 4686, r = 6165, ¢ = 7481,
z = 8931). Furthermore, the red-shifts of the background objects are available for
the brightest sources. Table 12.6 lists the SDSS9 optical counterparts of XMM-
Newton sources in the field of the Draco dSph. The magnitudes in different filters
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are corrected according to the extinction in Table 12.5. For source No 57, g and
r band magnitudes are adopted from the SDSS7 catalogues ( )

), because the magnitudes of the sources in SDSS9 seems to be contaminated
by a neighbouring source. The positional uncertainty of a source in the SDSS9
catalogue depends on its brightness and is between 07003 and (/2 for the sources
considered as counterparts of the XMM-Newton sources. Appendix 13.1 shows
the SDSS9 images centred on the region of X-ray sources of the Draco dSph.
Figure 5.4 shows the colour-magnitude and colour-colour diagrams of the SDSS9
counterparts. The classification of sources in these figures is based on the result
of Chapter 7. We also over-plotted the isochrone which is fitted to the stellar
population of the Draco dSph according to ( ). The line shows
that the main fraction of the stars in the galaxy are already in the red-giant branch
(see Sect. 3.2).

5.4.5 Inferared catalogues

Infrared counterparts were found in two catalogues, the wide-field infrared survey
explorer (WISE)AIl-Sky Data, released in four energy bands (3.4, 4.6, 12, and

22 pm, called W1, W2, W3, W/ respectively, , ), and the
two micron all sky survey (2MASS)All-Sky Catalogue of Point Sources taken with
J, H, K filters ( , ). Table 12.9 shows the list of WISE infrared

counterparts. The list of 2MASS counterparts with X-ray sources of the Draco
dSph is shown in the Table 12.10. The magnitudes are corrected for the extinction
according to Table 12.5. Figure 5.5 shows the colour-magnitude diagrams of the
WISE and 2MASS infrared counterparts of X-ray sources of the Draco dSph.
The positional uncertainty of WISE sources is (/3 — 1 and the average positional
uncertainty of 2MASS is ~3

5.4.6 Radio catalogue

We used the source catalogue of the 1.4GHz NRAO VLA sky survey (NVSS)
( , ). Table 12.11 shows the sources which have radio counter-
parts. This catalogue gives the position and the flux density with respective errors
of the radio sources.

5.4.7 X-ray catalogues

The second ROentgen SATellite (ROSAT) Source Catalogue of Pointed Observa-
tions ( : ) includes some of the brightest sources, which were
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Figure 5.4: Colour-magnitude (up) and colour-colour (down) diagrams of SDSS9

optical counterparts of X-ray sources. In down, the right colour-coulor diagram
shows a zoom in to the square area of the left diagram. Foreground stars are
marked with red stars, AGNs with green crosses, galaxies with green squares,
X-ray binary candidates with blue circles,super-soft sources with blue triangles,
and the remaining unclassified sources are just shown by black dots. Orange
dots represent the SDSS7 members (¢ < 23 mag) of the Draco dSph classified
by (2003). The violet line is the stellar isochrone for the age (10'°
yr) and metalicity (0.0004) of the Draco dSph according to ( )
and as it shows main part of the stars of the galaxy are already in red giant
branch.

65



Chapter 5 Observations and data analysis

0 1 2 3 4 5 6
W1-W3
6 ]
i 35 ]
8l o ]
10F 39, 59 ]
i 6% ]
X o i
12 p
i 86 27, B ]
— J_E"i —
14| 33 : ]
i 31 60 1
16_— 7]
18_- N 1 N N N N 1 N N N M 1 N N N N 1 N ]
0.0 0.5 1.0 1.5
J—K

Figure 5.5: Colour-magnitude diagrams of the infrared counterparts of the XMM-
Newton sources. Upper panel: WISE W2 (4.6 um) versus the colour index
[W1(3.4p m)—W3 (12 m)]. Lower panel: 2MASS K band versus the colour
index J — K. For the different source classes same symbols are used as in
Fig. 5.4.
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detected with XMM-Newton. Table 12.12 lists the count rate and hardness ratios
of the ROSAT sources which have XMM-Newton counterparts. The hardness

ratios are defined as:
RHR1 =(B—-A)/(B+ A), (5.7)

where A is the count rate in Pulse Height Amplitude (PHA) range of 11 —41(0.1—
0.4 keV) and B is the count rate in PHA range of 52 — 201 (0.5 — 2.0 keV), and

RHR2 = (D — C)/(D + O), (5.8)

where C' is the count rate in PHA range of 52 — 90 (0.5 — 0.9 keV) and D is the
count rate in PHA range of 91 — 201 (0.9 — 2.0 keV).

The counterparts in the Chandra catalogue ( , ) are listed in Table
12.13. The hardness ratios CHR1 and CHR2 of the Chandra catalogue is:

CHR1 = (h—m)/b, (5.9)
CHR2 = (m—s)/b, (5.10)

where the range for b is 0.5 — 7.0keV (broad band), for s 0.5 — 1.2keV (soft band),
for m 1.2 — 2.0keV (medium band), and for h 2.0 — 7.0keV (hard band).

About one third of the XMM-Newton sources were detected before by ROSAT
and Chandra observations. In the case of unknown sources, the data of these two
catalogues were considered for the classification.
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Chapter 6

Analysis

As it is explained in Section 5.4, searching for counterparts of X-ray sources and
studying their properties are among the most important steps in the classification
of X-ray sources. Different methods of X-ray data analysis were applied. These
various methods are discussed in the following. The results of the X-ray data
analysis plus the distinctive figures of the counterparts of an X-ray source at
other wavelengths help to determine the class of the source.

6.1 Variability of the source

In this section, we explain the different methods which have been applied to find
any evidence for pulsations, periodicity, and long-term variation of the flux for
each source.

6.2 Short-term variability

For each observation, we searched for both pulsation and periodicity of the bright-
est sources (counts > 200) using the Lomb-Scargle method and for pulsation of
all sources using the Rayleigh method.

First, the extracted event file of EPICs were corrected to the barycentre. This
correction is necessary because the position of the satellite changes during its or-
bit. This means that the satellite moves toward or away from the source and the
distance between the source and the satellite changes. Therefore, the arrival time
of photons changes due to this motion. By applying the barycentric correction
the arrival time of a photon is recalculated to that at the barycentre of the solar
system instead of the measured time at the position of the satellite.
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6.2.1 Light curves

For sources with > 300 counts in EPIC-MOS and EPIC-pn, we ran evselect to
extract the light curve of the source and its background. The background light
curve was extracted from an annulus region around the source or from a circle
region on the same CCD as for the source in the case that the source was located
near the edge, a damaged pixel or another source. For each source, we changed
the size of the time-bins to find the best time scale of the light curve, varying from
20 to 700 seconds for different sources on different EPICs. None of the sources
showed a regular variability of the light curves.

We checked the possibility of any periodicity or pulsation on the time scale of the
observation(s) for each source by applying the Lomb-Scargle method describe in
the following section:

6.2.2 Lomb-Scargle periodogram for unevenly sampled time
series

We applied the Lomb-Scargle method to detect a possible periodic signal hidden
in the noise. Discrete Fourier transform is the main technique to decompose time
series into a linear combination of sinusoidal function which transforms the data
from time domain to frequency domain. The technique usually assumes evenly
spaced time series. Since we had light curves for different observations, we applied
the Lomb-Scargle method which has been improved for unevenly spaced times.

Periodogram

For a sample of data X (t;), i =1,2,..., Ny, the discrete Fourier transformation
can be written as:
No

FTy(w) =Y X (t;)e"4), (6.1)

Jj=1

and the classical periodogram is defined as:
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6.2 Short-term variability

Po(w) = NLO|FTx<w>|2

1 ZNO
_ ) (77,'0th) 2

j=1
1
= m[(z X,coswt;)? + (Z X;sinwt;)?),
J J

If we have a periodicity at the frequency wy, X has a sinusoidal component at this
frequency. Therefore near w=wy, X (t) and exp(—iwt) are in phase and make a
large distribution with the summation in periodogram ( , ).
However, applying these equations to observational data is difficult even if they
are evenly sampled. First, in observational data, X is a random variable which
contains noise, therefore, P,(w) is also a random variable. Equations 6.2 are
almost useless for practical computations ( , ). Second, for sinusoidal
signals at a given frequency, wy, the power of the periodogram not only appears at
wg, but also leaks to other frequencies. This problem which is known as "spectral
leakage" is caused by the finite size of the amount of data. Either the finite total
intervals over which the data is sampled, or the finite size of the interval between
samples can cause the spectral leakage. Third, we usually have unevenly sampled
data, and it means that there are some missed data.

First and second problems have been almost reduced with the modified version of
periodogram by ( ). For the third problem, it was suggested to apply
a grid of evenly spaced time intervals on the data, interpolate a value equal to
zero for the missing data, and make a series of evenly spaced data. However,
this technique produces a poorly distributed sample. ( ) suggested
to evaluate data exactly at times ¢; which are measured. By assuming N, data
points X (t;),i = 1,2, .., Ny, the mean and the variance of data are:

1 X
X = X ZXj, (6.3)
7=1
1
o?= ) (X; - X)% (6.4)
No

Normalised periodogram is defined as :

1 [225(X; = X)eosw(t; — )P [20,(X; — X)X;sinw(t; — 7)°]
202 >, costw(t; — 1) > sintw(t; — ) ’
(6.5)

PN(Q}) =
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where the 7 is :

an(ur) = 223 52 (6.6)
Y cos2wt;

7 makes Py(w) completely independent of shifting in ¢;. This method was elab-
orated by Scargle and was checked for false alarm probability and detection effi-
ciency ( , ). We used the available Lomb-Scargle algorithm. We have
searched for periodicity in the light curves of bright sources in all observations.
This method allows us to see a periodic signal hidden in the noise not only in one
observation, but also in the combined light curves of all observations. We selected
the light curves with the minimum size of time-bin of different observations and
applied the Lomb-Scargle algorithm. As mentioned before, the presence of vari-
ability will produce a peak in a peridogram.
For example if the data are measured every 100 seconds and the long-term trend
has a time-scale of 10 days, the periodogram shows peaks very close to 100 second
as well as a broad peak at about 10 days. This method was applied for the light
curves of all the brightest sources. Figure11.4 shows the Lomb-Scargle perido-
gram of the analysed sources for all observations. The short-term peaks in the
periodograms are related to the selected bin size of different light curves and the
long term peaks are related to the length of observations. We did not find any
evidence for pulsations or periodicity for the sources in the Draco dSph by the
Lomb-Scargle method.

6.2.3 Testing the phase distribution for the presence of
pulsed signal

The Lomb-Scargle method is only useful for the brightest sources, so the number of
sources which were tested by that method was limited. To improve the search for
pulsations, especially for the faint sources, we extracted the barycentric corrected
event files of sources for each observation and EPIC and applied the Z? analysis.
We checked the periodograms for the 1st and 2nd harmonics of the arrival times
in the event files of each EPIC in 0.2 — 12 keV as it is explained in the following.
We found significant pulsation for the source No 65 in OBS2 (see Sect. 7.3.1).

7Z2* Test

Rayleigh (Z?2) test was suggested by ( , ) in order to find
the pulsations of v ray emissions. The aim of this method was to search for the
pulsed signal in v rays emitted from the magnetosphere of an NS. This method
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6.2 Short-term variability

is useful if the statistics of the signals is not high enough to obtain a light curve
of the source. In usual methods based on Gaussian distribution, the time of the
observation is split into n bins and the number of counts per bin derived by sorting
into phase bins with respect to the average number of counts per bin. However,
Rayleigh (Z2) test is independent of the chosen phase bin. In this method, the
time intervals between arrival photons are considered to find the pulsations in the
following way:

First, the photon arrival times are reduced to a phase value in the interval from 0
to 1 by this formula:

DAt? uAt;?
+— 1, (6.7)

¢; = fractional partof (VAtj + 5 5
where j is the number of arrival photon and At; is the difference between the
arrival time of the first arrived photon and the other photons At; =t; —t,. The
parameter v is the pulse frequency which is variable in the case of a source with
pulse variation. We are generally interested in finding any evidence of pulsation
in several sources. In this case, taking the first term in equation 6.7 is enough.
In the next step, different pulse frequencies are evaluated for N phase values
(which is equal to the number of photons):

72 = (%) Z (Z coskgbj) + <Z smkgzﬁj) (6.8)

k,1 gl g1

where n is the chosen number of harmonics and Z? is the probability density
function with 2n degrees of freedom. We have:

P =1~ [1— exp(exp(Z;/2))]" 2] (6.9)

where T,, is the exposure time of the event file, and Af is the frequency range.
The maximum of frequency, with respect to the Nyquist frequency!, is twice of
the time resolution of EPIC-pn, which is 0.073 s in the full-frame mode. The
minimum frequency is limited by the duration of the observation.

! The Nyquist frequency is half of the sampling rate of a discrete signal processing system.
In order to recover all Fourier components of a periodic waveform, it is necessary to use a
sampling rate v at least twice the highest waveform frequency. The Nyquist frequency, also
called the Nyquist limit, is the highest frequency that can be coded at a given sampling rate
in order to be able to fully reconstruct the signal.
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6.3 Long-term variability

Since the observations were spread out over 2 weeks (Table 5.1), we also checked
the flux variability on long time scales. We either calculated the flux of the sources
in each observation, or the upper-limit at the position of a source if the source
was not detected.

Since the fluctuation of the flux in the highest energy band is high, the flux of
the first four energy bands (0.2 — 4.5 keV) is used to compare the flux of different
observations. The weighted flux (0.2-4.5 keV) is calculated for each observation
using the ECF of Table 5.2. The upper-limit was calculated by using the sensitivity
map. The count rate of the background photons was extracted from the sensitivity
map at the position of the source. To have a better sensitivity, the upper-limit
is derived from the sensitivity map of EPIC-pn. If that source was not in the
FOV of EPIC-pn, the counts were extracted from EPIC-MOS sensitivity maps.
Tables 12.2— 12.4 show the details of detection and (0.2 — 4.5 keV) flux for each
source in each observation and EPIC. Figure 11.3 shows the long term light curves
of the 0.2 — 4.5 keV flux of all sources for the five observations. The flux in these
diagrams is the weighed flux of three EPICs.

Furthermore, to compare the 0.2 — 4.5 keV fluxes between different observations,
the ratio of the maximum and minimum flux and its significance are calculated
by using the following formulae:

Fmax

Var = (6.10)
Frax — Fin;
— max min , (611)
\/EFr%lax + EFr%in

where Fiax and Fy, are the maximum and minimum X-ray flux (or upper limit),
and EF,.x and EF,;, are the errors of the maximum and minimum flux of the
source, respectively. The variability factor was calculated for the sources which
were detected in at least two observations (see Figure 11.3). We considered the
source as variable if the statistical variability significance (S) was higher than 3.
Figure 6.1 shows the variability factor (Var) of the sources as a function of the
hardness ratio H Ry and H R3 (see Sect. 6.5) and the variability factor (Var) as a
function of the maximum flux.
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Figure 6.1: Variability factor of sources in the 0.2 — 4.5 keV energy band plotted versus HRy (upper left panel),
versus H R3 (upper right panel), and versus maximum flux (lower panels). Sources with the statistical significance
of variability lower than three are marked in orange. In the lower right panel, the sources are plotted with the error
bars. For the different source classes same symbol types are used as in Fig. 5.4.
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6.3.1 Long-term variability of Chandra sources

For sources for which we also have a Chandra detection, we included the Chandra
flux in the long-term light curves. We estimated the equivalent XMM-Newton
flux of Chandra sources. In the Chandra catalogue, a spectral power-law model
with photon index of I' = 1.7 is considered for hard sources while a blackbody
model with a fixed temperature of k7" = 1 keV is considered for soft sources in
the flux calculation ( : ). We converted Chandra fluxes (energy
range 0.5 — 7 keV ) to equivalent XMM-Newton fluxes (energy range of 0.2 —
12.0 keV) assuming the spectral model as explained in Section 5.2.6. For all
these sources, the Chandra flux is consistent with the average XMM-Newton flux,
indicating that none of them show variability between the Chandra and XMDM-
Newton observations. Table 6.1 gives the fluxes of the Chandra sources converted
into the used energy band of 0.2-12.0 keV.

6.4 Spectral analysis

We have extracted the spectra for 27 sources with > 300 counts in the energy
range of 0.2 — 12 keV, for each EPIC of each observation. For many sources
poor statistics did not allow to find a reliable model for the source spectra. The
only bright source for which we could perform spectral analysis was source No
69. It was located on a damaged pixel of EPIC-pn in both observations (OBS4
and OBS5), in which the source was detected. We fit 13 sources with power-law,
APEC, VAPEC, and MEKAL models using XSPEC (ver.12.8.1).

Power-law is a photon power-law model, defined by photon index (I") and normal-
isation parameter (K):

A(E)=KE™" (6.12)

where E is the energy of the photons. Non-thermal emission (e.g, Synchrotron or
Inverse Compton emission) usually has a power-law spectral distribution (Xspec,
User Guide manual, 2015).

The Astrophysical Plasma Emission Code (APEC) is a model for X-ray spectra
of hot, collisionally ionised plasma ( : ). This model facil-
itates the diagnosis of temperature, density, elemental abundance, charge state,
and optical depth ( , : , ). The APEC model
contains abundances for C, N, O, Ne, Mg, Al, Si, S, Ar, Ca, Fe, and Ni as one
parameter (related to the solar value). The VAPEC variant allows the user to fit
the abundances of elements separately.

MEKAL is an emission spectrum from hot diffuse gas based on the model cal-
culations of ( ). The model includes line emissions from
several elements (C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe, Ni).
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6.4 Spectral analysis

Table 6.1: The Chandra* flux of the sources detected with XMM-Newton

ID* | Flux (0.2 — 4.5 keV) Confidence limits'
lergs™ em™2| lergs™em™2] | [ergs™! em ™2

13 6.94e-15 1.10e-14 2.85e-15
20 9.20e-14 9.78e-14 8.70e-14
23 1.55e-14 1.77e-14 1.34e-14
29 3.37e-15 4.57e-15 2.18e-15
30 5.21e-15 6.49e-15 3.93e-15
33 3.64e-15 4.63e-15 2.64e-15
35 8.24e-13 8.39e-13 8.17e-13
38 6.08e-15 7.15e-15 5.03e-15
39 3.50e-15 4.11e-15 2.90e-15
40 7.39e-15 8.45e-15 6.31e-15
47 9.62e-15 1.22e-14 7.29e-15
48 4.57e-14 4.97e-14 4.17e-14
49 1.59e-14 1.80e-14 1.39e-14
o1 9.78e-14 1.03e-13 9.37e-14
o4 6.80e-15 8.45e-15 5.13e-15
o6 7.44e-15 8.78e-15 6.14e-15
o8 6.22e-15 8.22e-15 4.22e-15
67 2.38e-14 2.77e-14 1.99e-14
68 2.38e-14 3.84e-14 9.28e-15
70 - - 2.90e-14

x: Chandra observations were perfumed on 10-15 of December 2007.

*: IDs are according to the XMM-Newton catalogue.

T: Confidence limits for the flux are calculated according to ( ).
Fluxes, upper, and lower limits have been converted to the XMM-Newton energy
range.

The PHABS model ( , ) considers photo-
electric cross-section (NOT including Thomson scattering) to calculate the X-ray
absorption in the energy range 0.03-10 keV. This absorption model was applied
in all spectral fit. We fitted the spectra of three EPICs simultaneously for each
source for each observation.

Because of the poor statistics of the data, we also created combined spectra of
three EPICs for each observation and average response. The significance of the
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Table 6.2: Spectral parameters of the hard sources in the field of the Draco dSph**

ID | OBS EPIC* Ny (10*cm?) r Norm. x2(d.o.f.)
6 | 2 PN 0.02* [ 12703 | 7.8715 x 1075 | 1.1 (4)
* +0.4 +0.6 -5
10 5 PN 0.02* | 1.0%94 | 1.270¢ x 1075 | 0.4(3)
12 2 Merged 0.02* | 0.9702 | 6.577%F x 1076 | 1.4(8)
4] 5 PN 0.02* | 1.9703 | 1.2%03 x 107° | 1.2(6)
20| 5 | PN,MOS1,MOS?2 | 0.02% | 24501 | 2.7503 x 107° | 0.9(33)
24| 1 | Merged | 0.02* | 0.7503 | 47513 x 107° | 0.8(7)
33| 4 | PN,MOS1,MOS2 | 0.02* | 21703 | 3.9702 x 107° | 0.8 (12)
3] 1 PN | 0.02% | 24701 | 17501 x 107* | 0.8 (65)
8 2 | Merged | 0.02* | 1.1593 | 5.254:5 x 1076 | 1.7(7)
50 5 | PN | 0.02* | 1.3%03 | 2.2705 x 107° | 0.9(11)
51| 1 | PN,MOSI,MOS? | 0.02* | 1.9501 | 2.7503 x 1077 | 0.7(33)

*: EPICs which were used for the simultaneous fit. "Merged" means that the
three EPIC spectra were combined (see 6.4.1).

*: Parameter is frozen to the Galactic foreground Ny (
**. The plots of the spectra are in Figure 11.5.

fit parameters improved by this method for fainter sources (see Sect. 6.4.1). We
merged the spectra for sources which were detected in more than one EPIC. Table
6.2 shows the results of spectral analysis of the hard sources which are fitted with
a power-law model. Figure 11.5 shows the spectra of these sources.

The spectra of sources which were fitted with other models will be explained when
the classification of sources is discussed (see Sect. 7.1).
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6.4 Spectral analysis

6.4.1 Combining the EPIC spectra

To improve the statistics for the spectral analysis, we combined the spectra of
the three EPICs by using the tasks of SAS (V.13.5). This method can "only"
be applied if the spectra and response files, which are going to be merged, are
generated for the same PI channel interval and with the same spectral binning.
We can never merge the spectra of two different observations.

First, a source and a background spectrum with a common bin size were generated
using the task evselect for each EPIC. Second, a set of spectral files were gen-
erated for each EPIC by tasks rmfgen and arfgen. The combined spectra were
created by the task epicspeccombine. It is reasonable to merge the spectra if the
statistical error of the source is larger than the systematic error of the EPICs 2.
As an example, we present the result for source No 35, which was classified as a
close binary system and is the brightest source in the field of the Draco dSph with
a total X-ray flux of (3.02 £0.02) x 1073 ergs s7! em™2 in 0.2 — 12.0 keV. We fit
a model with a VAPEC component for the spectrum of this source and applied
the PHABS model for the foreground absorption. Figure 6.2 shows the spectra
of the source. Figure 6.3 shows the contour diagram for the parameters £7T; and
kT, versus Ny for the simultaneous fit of spectra and for the fit of the merged
spectra (see Fig. 6.3). One can see that the contours of the two methods overlap.
This means that the statistical errors dominate the systematic errors. We can
thus use the combined spectra of EPICs in this case. We applied this method for
all the sources for which we could extract spectra for at least two EPICs in the
same observation.

It also should be noted that in this case the significance of spectra parameters
does not improve (Table 6.3). This shows that for such bright sources the sys-
tematic error dominate over the statistical uncertainties. In this case, therefore,
it is not necessary to combine the spectra. However, for fainter sources for which
the statistical errors dominate the systematic errors we can combine the spectra
of the EPIC detectors.

2 http://xmm.esac.esa.int /sas/current /documentation /threads/epic_ merging.shtml
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Figure 6.2: Individual (upper) and merged (lower) EPIC spectra of source No 35
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Figure 6.3: Contour-plot of simultaneous and combined EPIC fits of source No
35 in OBS2
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6.5 Hardness ratio diagrams

Table 6.3: Fit parameters of source No 35
Parameters simultaneous EPICs | Merged EPICs

Nu(102cm™2) 0.037551 0.027001
| KT (keV) | 0.5170.0 | 0.5170:08 |
‘ Carbon ‘ 0.241503 0.25%0 03
| Norm. | 3ATT0S x 107 | 3197078 x 107 |
| kT (keV) | 0.8775:5 0.8710%

| Norm. | 6.05{ 55" x 107 | 5.52405° x 107 |
| x2(d.o.f) | 1.07(336) | 1.17(234) |

6.5 Hardness ratio diagrams

Hardness ratio diagrams are very useful tools to separate different classes of sources
using their X-ray properties, especially in the case in which the source is too faint
to extract a spectrum.

The hardness ratio and error are defined as:

Bii1 — B;
HRizm (6.13)
Bi1EB)? + (B.EB;;,)?
EHRZ-:2\/< nEB)” + ( +1) (6.14)

(Bi+1 + B;)? ’

for i = 1,..,4; B; is the count rate and E B; is the corresponding error in the band
i.

For each source, we calculated the average of hardness ratios from the observation,
in which the source had the highest flux. Hardness ratios were calculated if the
detection maximum likelihood of the source in each of the respective energy bands
was higher than 6 (> 30). Figure 6.4 shows the hardness ratios of the sources.
We only plotted the sources with uncertainties of the hardness ratios < 0.3 .

In the same plot, the lines present the hardness ratios calculated using differ-
ent spectral models with various column densities from Ny = 10%* cm™2 to
Nu = 10%* cm™2. We used absorbed power-law models with different photon-
indices I' = 1,2,3 corresponding to e.g., XRBs or AGNs. Two absorbed disk
black body models with temperatures k7;, = 0.5 and 1.0 keV were used for XRBs
in soft state. Four thermal plasma models APEC with different temperatures
kTypec = 0.2,0.5,1.0,1.5 keV were used for SNRs, and two black-body models
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with temperatures of KTy, = 50 and 100 eV for super-soft sources ( ,

).

6.6 X-ray to optical flux ratio

A very useful tool to separate optically bright sources (like stars) from X-ray bright
sources (like XRBs) is the X-ray to optical flux ratio. For each source associated
with an optical source, we calculated the X-ray to optical flux ratio using the
modified equation of ( ):

F g+r
l — logy(F. 5.37 . 6.15
910 (Fop) ogu0(F) + 55 5=+ (6.15)

where the standard band B (Aeg = 0.43 pm) and R (Aeg = 0.65 pm) were replaced
by ¢g band (Aeg = 0.47 pm) and r band (Aeg = 0.61 pm) of SDSS9 ( :
). We used the counterparts as it is explained in Sect. 5.4.4. Table 12.6

lists the value of logig (%) of sources with SDSS9 counterparts. In Figure 6.5

logo (FI:;> is plotted over of HRy and HRj3 (see Sect. 6.5). The stars usually

have logyo (FI:;) < 1 and the X-ray bright sources log;o (FfL) > 1.

Figure 6.6 shows logy (% of sources which had counterparts in MegaCam
catalogue over of H Ry. The position of Source No 65, which is an LMXB candidate
with a counterpart in MegaCam catalogue, is marked in red. This source did not
have counterpart in SDSS9. This shows obviously that the source is a dominant

X-ray source. In chapter 7, the X-ray to optical flux ratio of different classes of
sources is investigated.
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Chapter 7

Source classification

We classified the sources detected in the XMM-Newton observations into differ-
ent classes of X-ray objects: foreground stars, galaxies, AGNs, XRBs, white dwarf
binary systems, and hard sources.

The sources are classified based on different methods: cross correlation with cata-
logues at other wavelengths (5.4), variability (6.1), spectral analysis (6.4), hardness
ratio diagrams (6.5), and X-ray to optical flux ratio (6.6).

In some cases, the sources were already classified in other wavelengths (e.g., ma-
jority of AGNs). But in most cases, we define the criteria on the basis of the new
analysis. Many sources remained unclassified since not have enough information
was available for them. Table 7.3 gives the class of each source.

7.1 Foreground star and star systems

The physical mechanisms which cause X-ray emission in stars have been explained
in Section 2.2.1. To identify X-ray sources as foreground stars, we considered that,
in general, stars are brighter in optical (Fi’;t) < 107! (e.g., , )
and they are soft X-ray sources (see Sect. 2.2.1). The classified foreground stars

have logiq (;:;) <1, HRy, < 0.0, HR3 < —0.5 and HR4; < —0.5. The optical

colour- magnitude diagrams show that there is a significant offset distance between
the foreground sources and the isochrone line of the galaxy members (Fig. 5.4).
Foreground stars are obviously brighter than other sources in the optical. We used
these criteria for foreground stars: g —r < 0.0, g < 15.0.

In addition, we also used the colour magnitude diagram in the near-infrared
(2MASS survey) and infrared (WISE survey) to classify foreground stars (Fig. 5.5).
In near infrared K band, they are significantly brighter than other sources. The
infrared WISE survey counterparts of the foreground stars are located in a re-
gion obviously separated from other classes of sources (Fig. 5.5). The criteria of
the 2MASS and WISE counterparts for the foreground stars are: J — K < 1.0,
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Chapter 7 Source classification

K <12.0, and W3 — W1 <0.5.
A source is classified as a foreground star if it satisfies almost all of the defined
criteria. In addition, SDSS9 optical mosaic images of foreground stars show that

they are much brighter than other sources and are dominant in the optical band
(see Appendix 12.6 and Appendix 13).

We classified sources Nos 16, 35, 39, 45, 59, and 69 as foreground stars. According
to the catalogue of ( ) they are classified as stars of the Draco
dSph. However, these bright sources have never been selected as a member of the
Draco dSph in other catalogues (see Sect. 5.4.3). As they fulfil all of our X-ray
foreground star criteria, we consider them as foreground stars.

Spectral analysis has been performed for the brightest foreground stars. Sources
Nos 35, 45, and 69 were the brightest X-ray foreground stars. Source No 69 was
located on damaged pixels. Therefore we could not perform a spectral analysis
for this source.

Source No 35

This source is the brightest X-ray source in the field of the Draco dSph. The

source is an eclipsing binary of W UMa type (contact binary, , ) and

is named V* GM Dra ( : ). It is an eclipsing binary discovered

by ESA’s Hipparcos mission (ESA 1997). Its optical light curve was studied by
( ). The evolution and structure of this kind of binary systems

was studied over decades based on optical observations (e.g, , ;

, ). Contact binary systems are expected to have a high level of coronal
X-ray emission as a result of their short periods (see Sect. 2.2.1). Studies of the
X-ray luminosity of these systems, spectral emission lines, variability of the X-ray
flux over time, and optical results help to understand their structure better. In
a population study of contact binaries, ( ) showed that W UMa
type systems have luminosities around 30 ergs/sec.

In the case of V* GM Dra, we fitted the X-ray spectrum with a two-component
VAPEC model, the thermal plasma model APEC with variable abundances. Fig-
ure 6.2 and Table 6.3 show the details of the spectral analysis of this source in
OBS1 data which have the best statistics. The best fit was achieved when two
temperatures of the plasma components and the carbon abundance were left free
to vary. While the reduced x? is 1.62 for 337 degrees of freedom if the C abun-
dance parameter is frozen to 1.0, it becomes 1.07 for 336 degrees of freedom if
C is freed (see Table 6.3). Therefore, the F-test probability that the two cases
are consistent with each other is 4.05986 x 1073 and indicates that fitting the C
abundance improves the fit significantly. The average element abundance in W
UMa type binaries are usually found to be lower than the solar photosphere value
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7.1 Foreground star and star systems

b).

Figure 7.1: Simultaneous by fitted EPIC spectra of source No 45
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Table 7.1: Fitted parameters of source No 45

Model parameters

Ng(10* cm™?)
kT (keV)
Norm.

kT (keV)

Norm.

x2(d.o.f.)

<0.01

0.8370:0%

5.8450. x 107°

2.4810%%

1.6370% x 1074

1.11 (127)

Fit parameters of the X-ray spectra of source No 45 with the model
phabsx (mekal+mekal). Errors are 90% confidence limits.

Source No 45 We performed spectral analysis for all of the observations. Fig-
ure 7.1 and Table 7.1 show the fit model of this source in OBS2, which had the
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highest amount of counts. The source is fit well with a MEKAL model. The
source was not identified as a member of Draco dSph in any optical catalogue (see
Sect. 5.4.3) but as a star e.g, ( ) and ( ). Its place in
the optical and infrared colour-colour diagrams perfectly shows the behaviour of
a foreground source (Figures 5.5, 5.4 and 6.5). It is neither reported as a variable
source (e.g., , ) nor as a binary system. Therefore, it is most
likely an isolated foreground star.

7.2 Background objects

7.2.1 AGN and Quasars

The properties of X-ray emission of AGNs are explained in Section 2.2.2. We
considered the criteria of ( ) for the classification of background
objects: HRs > —0.4 and the existence of a radio counterpart. We identified
sources Nos 12, 13, and 51 as AGNs, since radio counterparts were found in the
catalogue of 1.4GHz NRAO VLA Sky Survey (NVSS-1998). Table 12.11 lists
the details of the radio counterparts. In addition to the H Ry criterion, sources
identified as AGNs fulfill the following criteria: HRs > —0.5 and HR, > —0.5.
Source No 13 was classified before as a quasar-galaxy (see Sect. 7.2.2). Since there
are catalogues in literature based on a dedicated search for AGNs, we checked for
correlations of the XMM-Newton sources with AGN catalogues (see Sect. 5.4.2).
Sources Nos 6, 7, 20, 43, 44, 60, 68, and 70 have counterparts that were classified
as AGNs and counterparts of sources Nos 18, 34, 36, 48, 50, 54, 55, and 67 were
considered as AGN candidates in at least one of the AGN /quasar catalogues (see
Sect. 5.4.2). All classified AGNs are point sources in the optical (see Appendix
11.3) and infrared, and they have —1.0 < loglo(%) < 1.0. In optical colour-
colour and colour-magnitude diagrams, they apear bluer than the galaxies and
have —0.5 < g—r <1.0and —1.0 < g —1i < 1.0(ss Fig. 5.4). In infrared colour-
colour and colour-magnitude diagrams they are not separated from other sources.
In hardness ratio diagrams, AGNs don’t show any special behaviour.

The brightest classified AGN is source No 43 with a total flux of 6.66 +28x 10713
erg s ' em2in 0.2 — 12 keV. For some AGNs we performed spectral analysis and
all are well fit with power-low model (Table 6.2).
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7.2.2 Galaxies

The X-ray properties of galaxies are explained in Section 2.2.2. Typically, an X-
ray source can be classified as a galaxy if the optical or infrared counterpart in
the SDSS9 and WISE images is extended. Sources Nos 4, 5, 8, 10, and 13 were
classified in the star/galaxy classification catalogue ( : )
and SDSS9 survey ( , ). These source appear extended in the op-
tical image (see Appendix. 13.1). Source No 13 is an optically dominant galaxy
(Fig. 6.5) with a radio counterpart (see Table 12.11) which is classified as a quasar
( , ). Sources Nos 41, 42, 53, and 66 were classified as galaxies
in SDSS7 and SDSS9 survey ( , ; , ). We con-
sidered these sources as galaxy candidates.

In colour-colour and colour-magnitude diagrams, the classified galaxies appear
redder than AGNs in the optical with ¢ —i > 1.0, and g — r > 0.5 (Fig. 5.4).
However, they do not show any special tendency in X-ray luminosity or hardness
ratios.

7.3 X-ray binary candidates

Since there is no recent star formation in dSphs, XRBs in these galaxies are
expected to be LMXBs containing an NS or a BH and a low-mass companion like
a red giant or low-mass main sequence star with < 1 Mg, or a white dwarf.

As it is mentioned before, it is difficult to distinguish the AGNs from XRBs only
based on X-ray data. In hardness ratio diagrams these two classes of sources
occupy the same place. Both type of sources can be variable. One of the main
indictators of XRBs is periodicity or pulsation. As explained in Section 6.2, we
could find neither periodicity nor pulsation for sources in all observations using the
Lomb-Scargle method. However the Z2 Rayleigh test revealed pulsations of the
source No 65. The details are explained in section 7.3.1. The short exposure times
of these observations make it very difficult to perform significant spectral analysis
of the hard sources. Therefore, we considered some other factors to find LMXB
candidates. For hard sources, not classified as AGNs, the X-ray to optical flux ratio
diagram is a good tool for the classification. We have shown that the classified
AGNs have —1.0 < logjo(£=) < 1.0. As candidates for LMXBs, we considered

Fopt

the sources which had (£ =) > 1.0 because the optical flux of a low mass star
op

should be relatively low. As explained in Section 3.2 the majority of the stars
in the Draco dSph are red giants, quite faint in optical bands. For hard sources
with log(-2) > 1.0 (6.6), we also checked the optical colour-magnitude diagram

Fopt -

(Fig. 12.5). We considered hard sources with optical counterparts, classified as a
member of the Draco dSph, as candidates for LMXBs:
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Sources Nos 14, 24, and 64 showed hard spectra in both spectral analysis and
hardness ratio diagrams. Their optical counterparts were classified as stars in the
Draco dSph based on photometry (e.g, , ; , ).
Their flux ratio is high with loglo(%) > 1.0 (see Table 12.6). They are likely
XRBs in the Draco dSph.
Source No 24 was classified as a quasar candidate at a low redshift by

( ), who mainly classified the sources (quasars, galaxies or stars) based
on the colour-colour diagrams using the SDSS7 data. The colour of the source
indicates a quasars in SDSS7, however the u band magnitude of the SDSS9 survey
is significantly different from that of SDSS7. With the colours of SDSS9 (u — g ~
1.9 and g —r ~ 0.7) the source is likely a star based on the diagrams of

( ). Also, the position of the source in the colour-magnitude diagram
is far from that of classified AGNs (Fig. 5.4). The source is not reported as an
AGN in any other AGN catalogue. Therefore, we classified the source as a LMXB
candidate.

7.3.1 The pulsation of XMMUJ172140.6+580244

By applying the Z2 test for the Ist and 2nd harmonics, source 65 showed pulsa-
tion at ~19.18 s in the EPIC-pn data of OBS2 (see Sect. 6.2.3). The number of
photons was 87.

The probability that a peak is not caused by noise but more likely by pulsation
in N = nT,,Af independent trials is P = [1 — exp(—22/2)]"Te=2/ | where n is
the number of searched harmonics and T, A f is the number of searched periods,
where 7.y, is the exposure time of the event file, and Af is the frequency range
Af = 0.00005 — 6.8. The maximum frequency which can be investigated is the
Nyquist limit obtained from the time resolution of EPIC-pn in full-frame mode.
The maximum frequency is limited by the duration of the observation. The Z2
value of 43.35 for the peak occurring at ~19.18 s corresponds to a detection proba-
bility of ~99.991% (= 3.50 detection, see Fig. 7.2). If we also consider the number
of detected sources in the random search for pulsation, the detection probability
decreases to ~ 2.70.

We found a counterpart for the X-ray source in the optical MegaCam catalogue
(see Sect. 5.4.3) with magnitudes of g (0.47um) = 25.37 £+ 0.14, r (0.62um) =
24.2 + 0.10 and 4 (0.81pm) = 24.13 £ 0.12, and in the first look survey of
Spitzer Space Telescope ( , ) with magnitude R = 24.4 4+ 0.15.
Figure 6.6 shows the position of the source in X-ray to optical flux ratio diagram,
and Figure 5.3 shows the optical counterpart in the MegaCam colour-magnitude
diagram. As indicated by the g — r colour index, the optical counterpart is a
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Figure 7.2: The significance of pulsations of XMMUJ172140.6+580244 (source
No 65) in the first harmonic (up) and the second harmonic (down). The dashed
line shows the 5o significance.
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very faint red single star. The flux ratio is logw(%) = 2.5. If this counterpart
is associated with the X-ray source, the source is an accreting pulsar in a binary
system in Draco dSph the optical counterpart is not associated with the X-ray
source, the source can be an isolated pulsar.

Figure 7.1: The location of the source No 65 in EPIC-pn image of OBS1 (left)
and OBS2 (right).

The source was not detected in other data than that of the EPIC-pn camera in
OBS1 and OBS2, because it was either located outside of the FOV (EPIC-MOS)
or on damaged pixels (EPIC-pn). In OBSI we could not find any evidence of
pulsation for the source. However, the source is fainter in OBS1 than in OBS2.
Figure 7.1 shows the position of the source in EPIC-pn camera in OBS1 and OBS2.
The total flux in the band of 0.2 — 12 keV in OBS1 is F' = (7.83 £4.29) x 107"
erg s! em™2 and in OBS2 F' = (1.13 £ 0.45) x 1073 erg s7! ecm ™2,

Since we found an indication for pulsation, we applied for a 10 ks observation
by Swift ( ) ) for source No 65. Two 5 ks observations were
performed by Swift. However, the source was not detected. In the Swift data,
we calculated the upper limit of the flux of 4.1x107'* erg s™! cm~2. Figure 7.2
shows the light curve of XMM-Newton and Swift observations for source No 65.
There are some explanations for the non-detection in Swift observation: First,
this source is variable and became fainter. Second, since the source is located
too near to the edge of EPIC-pn (see Fig.7.1), there is the possibility of flux
overestimation in the second observation. In conclusion, to prove the pulsation
detected in XMM-Newton additional observation is necessary.
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Figure 7.2: The light curve of the XMM-Newton and Swift observation of source
No 65.

7.4 Other binary systems

Three sources are most probably binary systems. One of the them (source No
27) is a known symbiotic star. Two other sources show an indication of binary
systems but are not hard X-ray sources. The details of these sources are explained
in the following:

Source No 27
[ts counterpart is a known symbiotic star in the Draco dSph, Draco C1 (

, ). Symbiotic stars are interacting binary systems considering of a late-
type giant star and a compact companion (usually a white dwarf). They show far
ultraviolet and super-soft X-ray emission.

The source was studied in long-term optical photometry over years and shows a
significantly variable light curve (e.g.,

). It was classified in the GALEX hot white dwarfs catalogue of the Mllky
Way ( ) ). However the high variability and luminosity of the
source are more consistent with a symbiotic system in the Draco dSph (~ 82 kpc,

, ). In addition, the radial velocity of the source is similar
to that of Draco dSph members (—311.7 £ 13.5 km s™* ).
In this work, the logyo( Fo;) ratio shows that the optical flux is hlgher than the
X-ray flux. The source was not bright enough in any observation, therefore, we
could neither study its X-ray spectrum nor the hardness ratios.
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Source No 31
The logio( FF =) ratio of the source is less than one but not consistent with a
op

foreground star (Fig. 6.5). This source was classified as a member of the Draco
dSph in different radial velocity measurements (e.g., , ;

, ). The position of the source in both the optical and infrared colour-
magnitude diagrams is far from that of typical foreground stars and seems more
similar to source No 27, which is a symbiotic star (see Fig. 5.4 and Fig. 5.5). The
infrared colours of the counterpart J — K < 0.9 and I — J < 0.3, obtained from
the infrared surveys of 2MASS and the William Herschel Telescope, indicate that
the source is located in the region of the red giant branch of the Draco dSph,
according to the classification of ( ). The source is likely a
binary system with a red giant in the Draco dSph, but the exact nature of the
system is not clear.

Source No 33

This source is the most variable source (Fig. 6.1), found in this catalogue (vari-
ability factor = 49.074+11.94). Its high variability factor is related to the higher
flux of the source in OBS4 (see Appendix 12). It appears that the source has been
detected during a flare or an outburst in OBS4. We fitted a power-law model to
the spectrum of the source in OBS4 (Table 6.2). Figure 6.4 shows the hardness
ratio of the source in OBS4. The hardness ratio of the source in OBS1 and OBS2,
before the increase of the flux, is much softer than OBS4. With HR; = 0.5+ 0.2
and HRy, = —0.8£0.2, it shows a very soft spectrum in OBS1. The source is also
detected by Chandra, with a flux of 4.3531¢ x 107!° erg s ~'cm ~2 in the energy
range of 0.5 — 7 keV. The hard and soft hardness ratios of the Chandra data are
not significant enough but they suggest a soft behaviour ( , ). The
flux ratio log( F’: ;) = —1.01 + 0.07 indicates that this source is dominant in the
optical. The optical and infrared colours as well as variability are not indicative of
a foreground star (see Fig. 5.4 and Fig. 5.5). These properties make it a possible
candidate for a CV in the Draco dSph.

7.5 Hard sources

We classified sources with no previous classification as hard sources if they have
HRy;—FEHR,; > —0.2 or only HR3 and/or H R, were defined ( : ).
These sources can either be background AGNs or XRBs in the Draco dSph. We
classified sources Nos 21, 25, 28, 30, 37, 38, 47, 49, and 58 as hard sources.
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7.6 Summary

In total, we classified 18 sources as AGNs and 9 sources as galaxies and galaxy
candidates. Six sources were classified as foreground stars and one source as a
foreground contact binary system in the Milky Way. Four sources were classified
as LMXB candidates. One of them shows a significant pulsation, while the others
were classified based on the optical to X-ray flux ratio and their position in the
colour-magnitude diagrams. We also found a symbiotic star, a CV candidate, and
a binary system in the Draco dSph. Based on hardness ratios, we classified 9 hard
sources, which can be AGNs or LMXBs in the field of the Draco dSph.

Table 7.2 shows a summary of the classifications of sources and Table 7.3 shows
the final catalogue of sources with their position, total weighted count rate and
flux in the energy band of 0.2—12 keV, the weighted hardness ratio of each source,
and their classification.
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Table 7.2: The criteria or/and behaviours of the different classes of the X-ray sources in the XMM-Newton study of
the Draco dSph

Class* number of sources The criteria or behaviours

oI)ROYISSE[D 92I10G /) 193dey))

FG 6 Cl Criteria: loglo(é;’;t) < —-1,HRy, <00, HR3; < —0.5, HRy < —05,9g—7r < 00,9 < 150, J - K < 1.0, K < 12.0, W3-W1 < 0.5
AGN 10 Cl - 8 Can Criteria: HRy > —0.4 and the existence of a radio counterpart.

Behaviour: —1.0 < 10910(171:;) <1.0,-05 < g—r <10,and —1.0 < g—1i < 1.0.
GLX 5 Cl — 4 Can Criteria: Extended optical or infrared counterpart.

Behaviour:g —i¢ 2 1.0 and g — r > 0.5

LMXB 4 Can Criteria: Presence of pulsation and classified optical counterpart in the galaxy.

Behaviour: loglo(%) > 1.0 and and classified optical counterpart in the galaxy

BS 1 Cl -2 Can Criteria: Very soft in H Rs, Variable
Behaviour: loglo(bf’;t) < -1,J—-K <£5.0,00>W3-W1 <25
H 17 Cl Criteria: HRy — EHRy > —0.2 or only HRj3 and/or HRy

*. GLX: galaxy, AGN: active galactic nuclei, FG: foreground star, XRB: X-ray binary,
BS: binary system, H: hard source, Cl: classified, Can: candidate.
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Table 7.3: Catalogue of X-ray sources in the field of the Draco dSph spheroidal galaxy detected by XMM-Newton

ID Class’ RA Dec rlo Count rate (0.2 — 12 keV)  Flux (0.2 — 12 keV) ML HR1 HR2 HR3 HR4
(J2000) (J2000) 0 (cts™1) (ergs~!cm—2)

1 17 18 46.52  +57 54 46.5 1.16 4.18e-3+ 6.64e-4 2.09e-144+ 3.92e-15  1.15e+1 - - - -

2 17 18 48.45 45750 13.3 1.05 5.95e-3+ 9.47e-4 2.56e-144 5.02e-15 1.47e+1 - - -

3 17 18 49.99 457 54 52.9  0.88 4.7le-3£ 6.57e-4 8.0le-15+ 3.90e-15  4.03e+1 - - - -

4 GLX 17 18 56.89  +57 51 04.0 1.07 3.34e-3£7.41e-4 4.34e-15 £ 6.46e-15  2.50e+1 - - - -

5 GLX 17 19 00.63 457 51 45.7 1.19 5.01e-3+ 6.43e-4 2.04e-14 + 9.55e-15  6.45e+1 0.43+0.19 0.1440.15 -0.58+0.18 -

6 AGN 1719 01.51 +58 00 29.0 0.35 1.19e-2+ 5.14e-4 8.77e-14 + 8.85e-15  1.23e+3 0.45+0.13 0.2540.10 -0.2440.10 -0.2540.18
7 AGN 1719 04.05 +58 0329.3 1.15 6.51e-3+ 5.21e-4 3.66e-14 £ 1.03e-14  3.74e+2 0.01+£0.20 -0.62+0.24 0.38+£0.37 -0.25+0.51
8 GLX 17 19 04.54 45747275 0.48 6.67e-3+ 4.72e-4 4.18e-14 £ 9.42e-15  4.82e+2 0.07£0.14 0.09+£0.13 -0.14+£0.14 -

9 1719 06.76 457 55 48.0  0.92 2.37e-3+ 5.22e-4 1.43e-14 £ 9.55e-15  2.32e+1 - - - -

10 GLX 17 19 10.33 457 49 48.0 0.37 1.04e-24 4.88e-4 1.33e-13 £ 1.10e-14  7.32e+2 - - -0.1740.08 -0.1640.12
11 17 19 11.75  +57 47209 2.44 3.80e-3+£ 8.93e-4 7.22e-15 & 9.79e-15  1.14e+1 - - - -

12 AGN (r) 17 19 19.62 45759 42.2  0.39 6.31e-3£ 3.15e-4 1.08e-13 £ 8.43e-15  5.87e+2 - - 0.23£0.20 -0.0140.22
13 GLX (1) 1719 20.17 +57 54 01.5 1.30 2.51e-3+ 3.81e-4 1.24e-14 £ 5.01e-15  5.39e+1 - - - -

14  XRB-CAN 171921.71 +574943.8 0.33 1.00e-2+ 4.44e-4 6.14e-14 £ 6.43e-15  1.27e+3 - - - -

15 17 19 24.84 457 44 52.0 0.54 5.96e-3+ 4.98e-4 3.05e-14 £ 6.97e-15  2.66e+2 - - - -

16 FG 1719 25.98 45750 19.1  1.39 2.43e-3+ 4.02e-4 3.32e-15 £ 2.11e-15  1.45e+1 - - - -

17 1719 26.14 458 00 57.3  1.90 5.63e-3+ 9.45e-4 1.19e-14 £ 1.04e-14  1.14e+1 - - - -

18 AGN-CAN 171928.02 +574312.6 0.72 4.76e-3£ 5.89e-4 4.23e-14 £ 1.81e-14  8.94e+1 - - 0.21+ 0.27 -

19 1719 29.56  +57 49 36.4 1.88 3.93e-3+£ 9.64e-4 1.30e-14 £ 8.53e-15  1.59e+1 -0.10+ 0.27 - -

20 AGN 1719 34.35 +57 58 50.1  0.17 2.32e-2+ 5.51e-4 1.53e-13 £ 8.16e-15  6.77e+3 0.12+0.09 0.07£0.08 -0.57£0.08 -0.24+0.21
21 H 17 19 36.65 45749 00.2  0.78 7.08e-3+ 8.84e-4 2.83e-14 + 9.67e-15  8.43e+1  -0.12+ 0.22  0.174 0.22 - -

22 17 19 37.01 457 46 58.7 0.66 6.96e-3+ 5.93e-4 1.97e-14 £ 4.62e-15  1.82e+2 0.57+ 0.18 -0.18+ 0.18 - -

23 17 19 45.43 45752 56.9 0.56 2.21e-3+ 1.76e-4 1.24e-14 £ 2.15e-15  2.04e+2 0.62+ 0.16  -0.13£ 0.17  -0.06 £ 0.23 -0.56 +
24 XRB-CAN 1719 53.96 +575950.8 0.36 5.20e-3+ 2.41e-4 9.22e-14 £ 6.16e-15  6.96e+2 - - 0.1440.10 -0.2040.12
25 H 17 19 56.21 458 05 27.1  1.16 4.92e-3+£ 8.91e-4 1.93e-14 £ 1.00e-14  1.83e+1 - - -0.01+ 0.27 -

26 1719 57.05 +57 46 17.8 0.64 5.37e-3+ 4.42e-4 2.82e-14 + 5.73e-15  2.07e+2 - - - -
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ID Class RA Dec rlo Count rate (0.2 — 12 keV)  Flux (0.2 — 12 keV) ML HR1 HR2 HR3 HR4
(J2000) (J2000) (@) (cts™1) (ergs™! cm—2)

27 SYM 17 19 57.76 457 50 06.2  0.88 4.40e-3+ 2.83e-4 1.03e-14 £ 2.46e-15  1.14e+1 - - - -

28 H 17 20 02.29 457 55 44.3 0.97 3.05e-3+ 4.69e-4 4.85e-15 £ 2.09e-15  1.55e+1  -0.12+ 0.26 0.14+ 0.25 - -

29 17 20 08.31 45758 20.4 1.07 2.31e-3+ 3.00e-4 1.29e-14 £ 4.07e-15  4.65e+1 - - - -

30 H 17 20 10.16  +57 54 06.5 1.52 3.07e-3+ 6.29e-4 7.43e-15 + 3.05e-15  1.66e+1 - 0.27£ 0.22 -0.28+ 0.22 -

31 BS-CAN 1720 13.92  +57 50 52.4  2.20 2.33e-3+ 3.38e-4 1.46e-14 £ 4.40e-15  1.96e+1 - 0.19+£ 0.22 - -

32 17 20 14.67 457 46 06.5 1.83 3.71e-3+ 9.68e-4 6.91e-15 £ 7.00e-15  1.72e+1 - - - -

33 BS-CAN 1720 17.96  +57 51 04.4 0.66 3.37e-3+£ 2.29e-4 1.23e-14 £ 2.29e-15  5.57e+2 0.38+ 0.08 0.20+ 0.07 -0.50+ 0.06 -

34 AGN-CAN 172021.20 +574359.3 2.69 4.02e-3+£ 7.32e-4 5.36e-14 + 1.65e-14  2.68e+1 - - - -

35 FG 17 20 21.88 457 58 26.5  0.04 2.22e-1+ 1.24e-3 9.63e-13 £ 6.24e-15  1.87e-+5 0.61+£0.01 -0.21£0.01 -0.7240.01 -0.6940.03

36 AGN-CAN 172021.70 45743276 0.71 6.91e-3+ 6.91e-4 2.97e-14 + 8.13e-15  1.68e+2 - - - -

37 H 17 20 23.57 +57 50 09.1 2.22 3.07e-3+ 7.90e-4 1.20e-14 £ 6.89e-15  1.73e+1 - - 0.04+ 0.27 -

38 H 17 20 25.77  +575241.3 1.77 3.20e-3+ 7.61e-4 1.68e-14 £ 7.31e-15  1.00e+1 - 0.51+ 0.36 - -

39 FG 17 20 25.64 457 53 04.4 0.65 2.37e-3+ 2.40e-4 6.65e-15 £ 2.15e-15  1.66e+2 0.53£0.24 - - -

40 17 20 28.33  +57 56 23.3  0.63 2.30e-3+ 2.64e-4 1.05e-14 £ 2.93e-15  7.13e+1 0.06+ 0.21 -0.32+ 0.17 - -

41 GLX-CAN 172032.86 +580716.0 1.85 1.09e-2+ 2.72e-3 6.50e-14 £ 3.89e-14  2.14e-+1 - - - -

42 GLX-CAN 17 2033.08 +5806 13.7 2.03 5.83e-3+ 1.15e-3 5.32e-14 + 2.50e-14  4.29e+1 - -0.5940.36 - -

43 AGN 17 20 33.62 +58 08 29.7  0.23 9.60e-2+ 1.85e-3 6.66e-13 £+ 2.84e-14  1.29e+4  -0.05+0.075 0.02£0.07 -0.41+£0.08 -0.24+£0.18

44 AGN 1720 37.10 +57 48 56.3 0.33 8.80e-3+ 3.54e-4 1.07e-13 £ 8.69e-15  1.25e+3  -0.35+ 0.09  -0.26+£ 0.14 0.30£ 0.14 -

45 FG 17 20 37.62 458 02 12.4 0.11 5.88e-2+ 8.16e-4 2.49e-13 £ 7.19e-15  2.16e+4 0.55+£ 0.02  -0.05+ 0.02  -0.61+ 0.03  -0.72£ 0.07

46 17 20 38.45 457 45454 1.22 4.36e-3+ 9.78e-4 1.63e-14 £ 1.10e-14  2.49e+1 - - - -

47 H 17 20 39.66 457 56 48.8  1.62 3.03e-3+£ 8.10e-4 1.27e-14 £ 8.30e-15  1.14e+1 - - 0.03+ 0.29 -

48 AGN-CAN 1720 43.08 +575443.2 0.35 5.33e-3+ 2.35e-4 6.78e-14 £ 5.12e-15  7.59e-+2 0.74£0.15 0.3940.10 -0.24+£0.08 -0.15£0.12

49 H 17 20 47.27 457 53 20.6 0.64 3.09e-3+ 2.69e-4 2.15e-14 + 4.28e-15  1.52e+2 - -

50 AGN-CAN 17205194 +574159.0 0.41 2.18e-2+ 1.02e-3 2.09e-13 £ 2.17e-14  9.77e+2 - 0.45+0.071 -0.244+0.07

51 AGN (r) 17 20 52.28 +575513.2 0.17 2.30e-2+ 4.65e-4 1.95e-13 £ 7.67e-15  6.86e+3 0.18+0.06 0.07£0.06 -0.25+0.06

52 17 20 52.50 +58 04 51.1 1.05 7.90e-3+ 2.43e-3 3.26e-14 £ 3.13e-14  1.53e+1 - -0.15+ 0.27 - -

53 GLX-CAN 1720 56.35 +574741.7 1.01 3.62e-3+ 6.07e-4 1.75e-14 £ 3.66e-15  1.36e+1 - - - -
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ID Class RA Dec rlo Count rate (0.2 — 12 keV)  Flux (0.2 — 12 keV) ML HR1 HR2 HR3 HR4
(J2000) (J2000) @) (ct s™1) (ergs~!cm™2)

54 AGN-CAN 17210045 +575153.5 0.66 4.88e-3£ 5.10e-4 1.42e-14 £+ 5.19e-15  1.18e+2 - 0.32+ 0.21 - -
55 AGN-CAN 1721 04.38 +574106.0 0.83 1.72e-24+ 1.61e-3 6.28e-14 £ 1.91e-14  1.22e+2 0.194+ 0.21  -0.05+£ 0.19 - -
56 1721 05.04 +575338.2 2.07 1.95e-3+ 4.51e-4 1.28e-14 £ 6.87e-15  8.96e+1 - - - -
57 17 21 12.02 457 50 01.5 0.80 4.56e-3+ 7.49e-4 2.30e-14 + 1.17e-14  7.58e+1 0.53£0.26 - - -
58 H 17 21 13.06 457 56 15.2  0.87 4.10e-3+ 5.95e-4 1.96e-14 £ 8.23e-15  3.79e+1 - - 0.09+ 0.23 -
59 FG 17 21 16.66 +58 01 16.5 1.95 6.07e-3£ 1.17e-3 8.20e-15 £ 1.24e-14  3.20e+1 0.51+ 0.18 - - -
60 AGN 17 21 22.92 45750 29.2 0.61 9.40e-3+£ 8.57e-4 6.56e-14 £ 1.43e-14  1.94e+2 -0.43+0.10 -0.11£ 0.17  -0.02+ 0.21 -
61 17 21 24.66 457 52 53.6 2.23 1.11e-2+ 4.25e-3 5.03e-14 + 4.96e-14  1.14e+1 - - - -
62 1721 29.13 +57 47089 1.80 7.09e-3+ 1.76e-3 6.17e-14+ 2.80e-14  1.14e+1 - - - -
63 17 21 36.11  +58 03 02.2 1.77 5.48e-3+ 1.20e-3 8.40e-15% 1.20e-14  1.14e+1 0.21+ 0.25 - - -
64 XRB-CAN 1721 39.51 45801 45.2 0.87 8.88e-3+ 1.78e-3 2.92e-14+ 2.06e-14  5.59e+1 0.91+ 0.18 - - -
65 XRB-CAN 17 21 40.60 +58 02 44.8 1.63 1.39e-24 2.21e-3 9.51e-144 3.12e-14 1.14e+1 - 0.04+£ 0.28 - -
66 GLX-CAN 17 2141.08 +574553.2 1.61 8.99e-3+ 2.81e-3 1.88e-14+ 3.24e-14  1.86e+1 - - - -
67 AGN-CAN 17214140 +575235.2 0.66 7.35e-3+ 7.36e-4 3.38e-14 + 8.91e-15  2.48e+2 0.24+£0.20 -0.13+0.22 0.3140.25 -
68 AGN 17 21 48.46 45758 03.2 0.72 8.52e-3+£ 8.20e-4 3.84e-14 £ 1.34e-14  1.99e-+2 0.41+ 0.21 - - -
69 FG 17 21 58.32  +574922.7 0.11 8.55e-1+ 1.81e-2 1.82e-12+ 9.29e-14  3.76e+4  0.27+ 0.02  -0.13+ 0.02  -0.544+ 0.03  -0.61=£ 0.08
70 AGN 1722 11.69 +57 56 51.1 1.88 1.24e-2+ 1.71e-3 5.06e-14 + 2.18e-14  3.44e+1 -0.17£ 0.25  0.18%+ 0.24 - -

T :GLX: galaxy, AGN: active galactic nuclei, FG: foreground star, XRB: X-ray binary, SYM:

source, CAN: candidate, (r): source with radio counterpart.

symbiotic star, BS: binary system, H: hard






Chapter 8
X-ray luminosity function (XLF)

8.1 Introduction

As it was explained in Section 2.7, several works have studied the XLFs of different
types of galaxies ( , : , ). In these works, the X-
ray observations had similar exposure times achieving a comparable significances.
There are reasons which do not allow to extrapolate the XLF of these works for
the case of the dSphs. First, the models, which have been used to normalise the
stellar mass and luminosities in this kind of works are not suitable for the case
of dSphs. In fact the optical mass of galaxies is much higher than the optical

mass of dwarf galaxies. ( ) estimated the stellar mass of the galaxies
according to the model by ( ), based on the K'—band mass-
to-light ratio and the B — V optical colour. ( ) mentioned

that their model is not appropriate for dSphs. Second, due to the very old stellar
population of dSphs, we expect to detect LMXBs in lower luminosity ranges than
in other kinds of galaxies. ( ) showed that, in the case of early and
late type galaxies, LMXBs have luminosities of 1036 — 1038 erg s™!, however, in
the case of the dSphs, the majority should have a luminosity of ~ 10%% erg s~!.
We explained in section 2.3.2 the different kinds of LMXBs which can have low
luminosities. Third, the study of the XLF of other types of galaxies shows a
correlation between the X-ray luminosity of XRBs and the SFR of galaxies (e.g.,

, ). Dwarf spheroidal galaxies are the oldest known galaxies and
have no recent star formation. The study of their XLF as system with no recent
star formation is interesting. Taking these problems to account, XLFs of dSphs
seems to form a separated class.

With the aim to study the LMXB population in the dSphs, we calculated the XLFs
for OBS1, 2, 3, 5 of the Draco dSph, plus the XLF of all combined observations.
We also calculated the XLFs of the Phoenix, Fornax, Leo I, Ursa Minor, and Ursa
Major II dSphs. All these dSphs were observed by XMM-Newton and their X-ray
sources were classified in other works. The details of the observations and sources
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Chapter 8 X-ray luminosity function (XLF)

are explained in Section 8.3. In the Draco dSph, we excluded OBS4 in individ-
ual study of the XLF, because the detection sensitivity of this observation (see
Fig. 8.2), and consequently the number of the detected sources (see Figure 8.1),
is noticeably lower due to the low exposure time of this observation. However, the
EPIC event images of this observation were included in the production of XLF of
mosaic image.

In general, to have a significant estimate of the population of XRBs in a given
field, two important points should be considered: First, a correct estimation of
the number of sources with lower fluxes. Since the sensitivity of an X-ray detector
is not uniform in the total area of its FOV, this problem is solved by estimating
the sky-coverage function of the detector (Sect. 8.2.2). Second, to have an XLF of
the XRBs, only sources, which are most likely X-ray binaries should be included.
The source classification enables us to separate the soft sources and foreground
stars. However, it is likely that not all AGNs have been identified. Since they are
the most numerous X-ray sources in a field like the Draco dSph, their XLF has to
be estimated based on a deep survey e.g., the COSMOS survey of XMM-Newton
( : ). Since the logN-logS relation of the COSMOS survey is
limited to two energy ranges of 0.5 — 2.0 keV and 2.0 — 10 keV, we calculated the
XLFs in these two energy ranges (Sect. 8.2.3).

8.2 XLF of the Draco dwarf spheroidal galaxy

8.2.1 Catalogue of the hard sources

The source detection process was performed with an ML of 10 in the total energy
band of 0.2 — 12 keV (see Sect. 5.2.1). To calculate the XLFs of the sources in
the energy ranges of the 0.5 — 2.0 keV and 2.0 — 10 keV, we repeated the source
detection procedure with ML of 10 in these two energy bands for EPIC-pn im-
ages of observation 1, 2, 3, 5. For each observation, we corrected the catalogue of
detected sources with the final catalogue (Table 7.3) and removed all foreground
stars and soft source candidates (SNRs and WD binary systems). In each obser-
vation, the final list contains all hard sources which should be XRBs and AGNs in
the field of the Draco dSph. To convert the count rate to flux we used the ECF of
7.09EF + 11 in the energy range of 0.5 — 2 keV and 1.27F + 11 in the energy range
of 2 — 10 keV by assuming the same model as explained in the Section 5.2.6. The
ECF for the mosaic image was 1.10764e+ 12 in the energy range of 0.5—2 keV and
2.19890e 4 11 in the energy range of 2 — 10 keV. Figure. 8.1 shows the distribution
of the number of detected hard sources in the different energy bands 0.5 — 2.0
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8.2 XLF of the Draco dwarf spheroidal galaxy

keV and 2.0 — 10 keV for each observation. It is obvious that the number and the
flux range of the detected sources (ML> 10) in the energy band 2.0 — 10 keV is
noticeably smaller compared to the energy band 0.5 — 2.0 keV.

8.2.2 Sky-coverage function

The probability of detection of faint sources is not homogeneous over the entire
FOV and is less than that of bright sources, because the exposure time is higher
in the centre of the EPICs and decreases for increasing off-axis angles. The PSF
degrades for increasing off-axis angle due to the optical properties of the X-ray
telescope. The sensitivity varies with flux. Therefore, the sensitivity of the EPICs
is not uniform across the FOV, and the detection of the source of a given flux
depends on its position in the FOV. The effective area of the fainter sources is
smaller than that of the brightest sources, which are observable across the entire
FOV. The underestimation of the number of sources, observed at the faintest flux
level, affects the XLF in a way that it flattens at low luminosities. The incom-
pleteness of XLFs can be corrected using the sky-coverage function, which is the
effective area as a function of flux. For each observation we created sensitivity
maps of the EPICs with the SAS task esensmap. We also produced the sensitivity
map of all observations and all EPICs. For creating the sensitivity maps, expo-
sure maps, background images, and detection masks are required, which are all
produced in the process of source detection (see Sect. 5.2.5). In each observation,
the sensitivity maps are used to calculate the sky-coverage function.

Figure 8.2 shows the sky-coverage function of the EPICs of each observation and
also the sensitivity map of the mosaic image of all observations and EPICs in two
different energy bands. As the plots show the sensitive area of the camera drops
for lower fluxes (rate) and the sensitive area of the energy band 0.5 — 2 keV is
larger than that 2 — 10 keV. The sensitivity map of the mosaic image has much
larger area in the lower fluxes compared to the sensitivity maps of an individual
observation.

The cumulative XLF is corrected for incompleteness by:

Ns

N(> Fy) = Agos Z

i=1

1
o)’ &
where N (> Fy) is the number of sources with flux higher than Fy. For each
source with a flux F; the number is weighted by the normalised effective area
w(F}) /Ao where Ay is the total area observed by the EPIC and w(F}) is the sky
coverage function. Ny is the total number of detected sources. Every source is
hence weighted and the XLF corrected for incompleteness. The variance of the
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Figure 8.1: Distribution of the source fluxes in the energy bands of 0.5 —
2 keV (hard black line) and 2 — 10 keV (dashed red line). The diagrams show
the number of source per flux bin, plotted versus the flux using a logarithmic

scale.
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8.2 XLF of the Draco dwarf spheroidal galaxy

source number counts is calculated by:

0% = i (w’?}j,:))Z . (8.2)

8.2.3 Results

The XLFs obtained by the method described above consists of X-ray sources in
the Draco dSph and background AGNs. We eliminated the AGN contribution by
subtracting the AGN XLF of the XMM-COSMOS survey ( ).
They calculated the logN-logS of AGNs in two energy bands, 0.5 — 2.0 ke\/ and
2.0—10 keV, which allows us to subtract the AGN logN-logS from the distribution
of X-ray sources of a galaxy. The XLF of AGNs is described by a broken power-
law:
e

dN {AF F>F, 53)

dF ~ |BF* F<F,),

where A = BF" ™ is the normalisation. In the 2.0 — 10 keV, the best fit parame-
ters are a; = 2.46+0.08, ap = 1.55+0.18, F}, = (1.05+£0.16) x 10~ erg cm s~
and A = 413. In the 0.5 —2 keV energy band the parameters are o; = 2.4040.05,
s = 1.6010%, F, = 1.00755¢ x 107 erg cm™2 s™! and A = 141. Two factors
should be considered in using the XLF of AGNs. First, the function is per unit of
area (arcmin—?), therefore the XLF of AGN for a specific observation depends on
the detected area of the sensitivity map. Second, the absorption in the direction
of the observation changes the number of detected AGNs. ( )
assumed an absorption of Ny = 2.5 x 10%° cm™? in the energy range 0.5 — 2 keV,
which is the same absorption in the direction of the Draco dSph (Ng = 2.46 x 10%°
cm ™2 ; ). Therefore, it was not necessary to correct the AGN
function for the absorption in this energy range. Figure 8.3 shows the XLFs of
the X-ray sources in 2.0 — 10 keV band and Figure 8.4 those of the 0.2 — 5 keV
band for observation 1, 2, 3, and 5. Figure 8.5 shows the same plot of the mosaic
of all EPICs/observations. We plotted both the XMM-COSMOS survey function
of the AGNs and the XLF of AGNs identified in our work. To calculate the XLF
of LMXB sources in the Draco dSph, we subtracted the normalised XLF of the
XMM-COSMOS of AGNs from the total XLF of hard sources. The total XLF
in the energy band 2.0 — 10 keV is consistent with the AGN XLFs. Therefore,
the source above 2 keV are highly contaminated by AGNs. In the energy range
0.5 — 2 keV many more sources were detected with ML > 10.

As Figure 8.5 shows due to the larger area of the sensitivity map, there is a higher
estimation of the AGNs compared to the XLF of each observation. There are ~45
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AGN sources in the flux range of > 1.7 x 107!% ergs~'cm~2. The 0.2—5 keV XLF
of Fig. 8.5 shows an excess of sources (compared to the AGN distribution) in the
luminosity range between ~ (1.4 — 3) x 1033 erg s~! (assuming D = 82.4 kpc) of
~10. This luminosity for the flux range is less than 103* erg s=!, which makes it
difficult to classified all as LMXBs. Binary systems which have a white dwarf as
a compact object with typical accretion rates of 101t — 10° Mg yr—! have accretion
luminosities of 103" — 10%* erg s™. Also, as it is shown by ( ), tran-
sient LMXBs can have a luminosity in the range of 1032 — 1033 erg s=!. Therefore
these sources can be from both classes.
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Figure 8.2: Sky coverage as a function of the X-ray count rate (2 — 10 keV, hard
line) and (0.5 — 2 keV, dashed line) in EPIC of OBS 1, 2, 3, 4, 5, and the mosaic
image of all EPICs.
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Figure 8.3: Cumulative XLFs corrected for incompleteness in the 2 — 10 keV energy band. Black lines correspond to
the XLFs without foreground stars and SSSs. Red lines show the XLFs of the classified AGNs. Blue lines are AGN
XLFs of ( ).
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Figure 8.5: Cumulative XLFs of the mosaic event file of five XMM-Newton ob-
servations of the Draco dSph, corrected for incompleteness, in the 2 — 10 keV
(upper panels) and 0.5 — 2 keV (lower panels) energy bands. Black lines cor-
respond to the XLFs without foreground stars, symbiotic systems, and binary
candidates as classified in Chapter 7, corrected for incompleteness. Red lines
show the XLFs of the classified AGNs. Blue lines are the AGN XLFs of

( ). Green lines show the XLFs of X-ray sources after subtracting
the contribution of the AGNs (blue lines) from X-ray sources in the dwarf galaxy
(black lines). The dashed lines are the 90 % confidence errors.

8.3 XLF of other dwarf galaxies

As ( , ) explained, most of the dwarf galaxies can be divided into
two different families, the dSphs and the dwarf irregular galaxies (dIrrs). The
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dSphs has no HI gas and no current star formation, while dIrrs are HI rich, and
show obvious signs of recent star formation. Observational works (e.g,

; , ) showed wide different ages in stellar populations
of dlfferent dSphs various from very old populations of ~10 Gyr to young stellar
populations of ~1 Gyr, which applies that in many of them the star formation
bursts continued over several Gyr. ( , ) mentioned this fact as
a possibility, that ~5 billion years ago current dSphs had a similar structure of
the dIrrs. It means they were more gas-rich, and had more recent star formation
activities. They focused on the Phoenix dwarf galaxy, which shows a transforma-
tion epoch from dIrr to dSph (see the details in Sect. 8.3.1). Considering these
differences in the history of star formation of dwarf galaxies, we decided to study
the XLFs of dwarf galaxies which are satellites of our Milky Way and had X-ray
detections in previous works. We selected the Phoenix dwarf galaxy, Fornax, Leo
I, Ursa Major II, and Ursa Minor dSphs for which X-ray population study were
performed by ( ), ( ) and ( ).
General properties of these dwarf galaxies are listed in Table 8.1.

Table 8.1: Data for the dwarf galaxies

Name Type D(Kpc)! LogM,(My)*> OBSID?* ET (ks)*
Phoenix dE/dS® 427 5.46 0601350101 44.9
Leo I dSph 268 6.69 0555870201 88.6
Fornax dSph 144 7.39 0302500101 82.2
Draco dSph 82.4 5.51 Mosaic
Ursa Minor dSph 73 5.73 0301690401 9.9
Ursa Major II ~ dSph 34.7 3.73 0650180201 14.7

1: For each galaxy the distance was selected from the most updated measurement and the
references are available in the text.

2: The stellar mass is taken from ( ). For the Phoenix dwarf galaxy the
reference is ( )

3: The details of the XMM-Newton observations which have been used to produce the mosaic
image and sensitivity map are in the text.

4: ET: the exposure time of the observations after removing the flare times.

5: As it is explained in the text, the type of the Phoenix dwarf galaxy is between a dwarf
irregular and dwarf spheroidal galaxy which is called "transient".

8.3.1 Phoenix dwarf galaxy

The Phoenix dwarf galaxy (hereafter Phoenix; RA= 01"5106.3%, Dec—= -44°
26'41"” [J2000.0]) has optical major and minor diameters of 4.9’ and 4.1’. The
distance of Phoenix is ~427 kpc ( : ). The Phoenix is an inter-
mediate class of galaxy between the dwarf spheroidal and dwarf irregular, called
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transition dwarf (dTrans). This galaxy offers a unique opportunity for the study of
mechanisms that can transform a gas-rich irregular dwarf galaxy into a gas-poor
dSph. Its stellar population is primarily old, but some star formation activity has
continued until ~100 Myr ago ( , ).

( ) indicated that, while stars as young as 100 Myr were found, the majority
of star formation in Phoenix occurred more than 10 Gyr ago. Consistently, later
studies of ( , ) showed that Phoenix had a continuous SFH.
They considered three epochs for the SFH of the Phoenix. The highest rate of
star formation occurred from the time of formation of the galaxy till 10.5 Gyr
ago. After that star formation decreased to a lower rate level until 6 Gyr ago, and
from 6 Gyr ago up to the present time, it continued to a very low level. Figure 8.7
(lower plot) shows the star formation history (SFH) of the Phoenix based on the
colour-magnitude diagram analysis of the Hubble space telescope (

). There is also an HI cloud which is associated with the galaxy but dlsplaced
from the stellar body, suggesting that gas removal might have taken place recently
in Phoenix ( , ). ( ) suggest that this cloud is
associated with the recent star formation. The other nearby dwarf galaxies have
either lost their gas long ago, so that no signs of the removal process remain, or
they still retain their gas, so that no signs of the removal process are visible yet.
To have an estimation of current Star formation rate (SFR) of the Phoenix, we
used the works of ( ), which measured the SFR of the Phoenix
as a function of age. Figure 8.7 (upper plot , ) shows the
changes of the SFR of Phoenix over time. In the last 1 Gyr galaxy shows an SRF
of ~0.25 x 1072 M, yr~'pc=2 of normalised SFR value. We calculated the mean
SFR for the whole Phoenix area to be ~ 58 x 10* M, yr~!, based on the data of

(Table 6; ). Therefore, current SFR (last 1 Gyr) of Phoenix is
estimated to be ~ 1.6 x 10* My yr—!

In X-rays, the Phoenix dwarf galaxy was observed by XMM-Newton in July 2009.
With the aim of searching for HMXBs (related to the recent star formation), the X-
ray population of the galaxy was studied by ( ). They classified
81 sources in the field of Phoenix in the energy range 0.2 — 12 keV. We repeated
data the analysis of the XMM-Newton data of Phoenix using data with OBS ID
0601350101. After filtering flares caused by soft protons, the observation time
(47.8 ks) decreased to 44.9 ks. We performed the source detection (ML>10) in
the energy range of 0.5 — 2 keV for the mosaic image of all EPICs. We detected 86
sources. Foreground stars and SNRs were removed after comparing the detected
sources with the classified sources in the ( ) catalogue. Our final
catalogue of Phoenix hard sources contained 78 sources.

(2005) reported a Galactic Ny ~ 1.56 x 10** ¢cm™2 in the direction
of Phoenix. We used a power-law model with photon index 1.7 ( )
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Figure 8.6: Top: XMM-Newton observation in the field of the Phoenix. The
image are smoothed with a 2D Gaussian with a kernel radius of 1.5 pixel. The
colours present the energy range of red: 0.2-1.0 keV, green: 1.0-2.0 keV
blue: 2.0-12 keV. Bottom: Optical image of the Phoenix in V' band observed
by CTIO optical telescope ( , ). The black circle shows the
area, observed by XMM-Newton.
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Figure 8.7: Top: Upper diagram shows the SFH of Phoenix as a function of time
only and the bottom diagram shows the chemical enrichment law in logarithmic
scale (Hidalgo et al., 2009). Bottom: Star formation history (SFH) track of
Phoenix. The solid black line represents the best fit SFH, while the shaded
area represent the 68% confidence interval due to random uncertainties (yellow)
and total uncertainties (random and systematic; gray). The plot has been
normalised such that its total stellar mass formed is unity at the present day.
The orange dot indicates the approximate age of the oldest main sequence turn-
off based on the colour-magnitude diagram of the galaxy (Weisz et al., 2014).
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) for hard sources, yielding an ECF of 1.10370e + 12 in the energy range

0.5 —2 keV. We applied this ECF in order to calculate the flux of the hard sources

in the Phoenix. The same method of XLF calculation for Draco was applied for

the Phoenix too. Since the Ny in the direction of the Phoenix was even smaller

than the assumed Ny in the luminosity function of AGNs (Ng = 2.5 x 10?° cm™;

, ), it was not necessary to apply an absorption correction for

the fluxes of AGN XLF for this galaxy. First plot of Figure 8.15 shows the XLF
of the Phoenix in the energy range of 0.5 — 2 keV.

8.3.2 Leo | dwarf spheroidal galaxy

The Leo I dSph (Hereafter Leo I; RA= 10"08™28.1%, Dec= +12°18'23" [J2000.0])
has major and minor diameters of 9.8 and 7.4 and is located at the distance
of ~268 kpc ( ) ). The SFH of Leo I was studied in several
works. ( ) showed, using a deep observation with Very Large
Telescope (VLT), that stars in the inner part of Leo I dSph are on average younger
than those in the outer regions. They concluded that the first generation of Leo I
stars formed uniformly in this dSph, while the majority of intermediate-age stars
originated from an interstellar medium. Also, younger stellar populations mainly
formed in the central regions in the last few Gyr. This result is consistent with the
parallel study of ( ), which showed a radial gradient in the number
of C-type AGB stars relative to RGB stars, implying an increasing fraction of the
intermediate-age (1-3 Gyr) stars in the inner regions of the galaxy. The study of
colour-magnitude diagram by ( ) showed an extremely broad turnoff,
ranging from ancient star to young star populations, although, they mentioned
that a few blue helium burners are still present. They also, numerically measured
the SFH of Leo I from 15 Gyr until 0.5 Gyr ago. The largest epoch of star
formation occurred recently, from 3 to 1 Gyr ago. During this time the SFR was
2.5 times the lifetime average. This work showed that the recent SFR (last 1 Gyr)
of Leo I should be < 5. x 107° Myyr~!. Figure 8.9 (lower plot) also shows the
SFH path of the Leo I by ( ) using the colour-magnitude diagram
of HST observations.

In X-rays, Leo I was observed in February 2008 by XMM-Newton (data set 1D
of 0555870201). ( ) performed a population study of the X-ray
sources with the aim of finding IMBHs in the centre of the galaxy. They listed
116 source in the field of the Leo I in the energy range of 0.2 — 12 keV.

In order to study the XLF of Leo I we repeated the data reduction and source
detection on mosaic image of EPICs in the energy range of 0.5 — 2 keV taking the
detection ML>10. The exposure time of the observation was ~ 94 ks which was
reduced to 88.6 ks after removing the time of flares. We removed all classified
foreground stars and SNRs of ( ) from our sources. Our final
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Figure 8.8: Top: XMM-Newton observation in the field of the Leo I. The images
are smoothed a 2-D Gaussian with a kernel radius of 1.5 pixel. The colours
present the energy range of Red: 0.2-1.0 keV, green: 1.0-2.0 keV and blue:
2.0-12 keV. Bottom: Optical image of the Leo I dSph in V' band observed with
the UK Schmidt optical telescope (199, ). The black circle shows the area,
observed with XMM-Newton.
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Figure 8.9: Top: Star formation and chemical enrichment histories of Leo I.
The top panel shows the SFR, normalised to the lifetime average rate of
8.5 x 107® Myyr~!. The bottom panel shows the chemical enrichment history
( , ). Bottom: Star formation history (SFH) track of the Leo I. The
solid black line represents the best fit SFH, while the shaded area represents
the 68% confidence interval due to random uncertainties (yellow) and total un-
certainties (random and systematic; gray). The plot has been normalised such
that its total stellar mass formed is unity at the present day. The red dot in-
dicates the approximate age of the oldest main sequence turn-off based on the

colour-magnitude diagram of the galaxy ( , ).
catalogue contained 93 sources. ( ) reported a Galactic Ny ~
3.60 x 10?° cm~2 in the direction of the Leo I. We used a power-law model for hard
sources with a photon index of 1.7 ( : ) and obtained an ECF of

1.09194¢e+ 12 in the energy range of 0.5—2 keV . We applied this ECF to calculate
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the flux of the hard sources in the Leo L.

The long exposure time of this galaxy allowed us to detect very faint sources
with a flux less than ~ 1. x 107! erg s=! ecm™2 in the energy range of 0.5 —
2 keV. However, the XMM-COSMOS survey has a limiting flux of 1.7 x 1071°
erg s71 cm™2 ( , ). Therefore, we only could calculate the
XLF of the Leo I X-ray sources down to the flux of 1.7 x 107 erg s™! cm~2.
We used the same method of XLF calculation as for the Draco dSph. Figure 8.15
shows the XLF of the Leo I in the energy range of 0.5 — 2 kev. Since the Ny in the
direction of the Leo I (Ng ~ 3.60 x 10** cm™2) was higher than the assumed Ny in
the luminosity function of AGNs (Ng = 2.50 x 10%*° ¢cm ™2 , ),
we applied an absorption factor for the fluxes of AGNs. The absorption factor
was calculated using the absorption model, PHABS, via XSPEC (see Sect. 6.4).
The assumed column density of ( ) and the column density of
Leo I are very close, therefore, the flux of XLF of AGNs did not change so much
after applying the absorption factor.

8.3.3 Fornax dwarf spheroidal galaxy

Fornax dSph (hereafter Fornax; RA= 02"39™59.3°, Dec=-34°26'57" [J2000.0]) has
major and minor diameters of 17" and 12.6". The distace was estimated to be
~144 kpe ( , ). The recent proper-motion estimate by

( ) indicates that Fornax is currently close to perigalacticon and may be bound
to the Local Group rather than to the Milky Way. Figure 8.10 shows the optical
and X-ray observations of Fornax.

Based on a deep imaging survey, ( ) presented the first
homogeneous SFH of the Fornax. They showed that this galaxy experienced multi-
ple epochs of star formation. Its stars were generally formed in the early universe;
however, a dominant population has intermediate-age stars. They found that the
recent star formation are mainly toward the centre of the galaxy, also the central
region has a faster rate of chemical enrichment than the outer parts of Fornax.
They measured a mean metallicity of [Fe/H|=-1.4 for ancient stars (age > 10 Gyr),
located at the centre while, the most recent star formation burst has produced
stars with close to solar metallicity. They also showed that the star formation
gradually decreased over time, but ~4 Gyr age, Fornax experienced a sudden star
formation burst. This result is consistent with the results of more recent works by

( ) and ( ), which have shown that the last
star formation events, as young as 1 Gyr old, are mainly located in the central
region. ( ) calculated the SFR of the Fornax in different epoch

and estimated a current SFR of ~ 1.5 x 107 Mgyr~? for the Fornax (see Fig. 8.11,
upper plot). Figure 8.11 (lower plot) shows the track of SFH of the Fornax (

, 2014).
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Fornax was observed in X-rays in August, 2008 by XMM-Newton (observation
ID: 0302500101). We reducted the data to obtain the source list (ML>10) in the
energy range of 0.5 — 2 keV as for the other galaxies. The net exposure time of the
observation was 98.2 ks. These data have been used for the source classification
of Fornax by ( ). The foreground stars and SNRs were removed
after comparing of the detected sources with the classified sources in the

( ) catalogue. Our final catalogue of phoenix hard source contained 95
sources.
(2005) reported Galactic Ny ~ 2.90 x 10** cm™ in the direction
of Fornax. We took a power-law model for hard sources with Photon index 1.7
( : ). ECF of 1.10968e+ 12 in the energy range of 0.5—2 keV was
estimated. We applied this ECF to calculated the flux of the hard sources in the
Fornax. Since the Ny in the direction of Phoenix was higher than the assumed Ny
in the luminosity function of AGNs ( , ), we applied an ab-
sorption factor for the fluxes of AGNs. The absorption factor has been calculated
as explained in the section related to the Leo I dSph (Section 8.3.2). Figure 8.15
shows the XLF of the Fornax in the energy range of 0.5 — 2 kev.

8.3.4 Ursa Minor dwarf spheroidal galaxy

The Ursa Minor dSph (hereafter UMi; RA= 15"09™10.2°, Dec= 67°12'52" [J2000.0])

has major and minor diameters of 30.2" and 19.1" and is located at a distance of

~73 kpe ( , ). UMi hosts a predominantly old stellar population.
In general, all the stars have formed before 10 Gyr ago and 90% have even formed
earlier than 13 Gyr ago ( , ). Regarding the distance, stellar

mass, and the recent SFH, UMi is the most similar dSph to the Draco. With a

comprehensive study of star formation histories, using colour-magnitude diagrams,
( ) showed that these two galaxies (Draco and UMi dSphs) did not

experienced any recent star formation and for both systems the only significant

star formation episode happened at ancient ages (> 11 Gyr ago).

( ) and ( ) have shown the similarity of SFH of the Draco and

UMi (see Fig. 8.13).

In X-rays, the UMi was observed between the end of August and the begging
of September 2005 by the XMM-Newton. We used the data set of 0301690401
for extracting the XLF as these set of data were used by ( ) to
perform the population study on the X-ray sources of this galaxy. As same as
other galaxies, we calculated the XLF of UMi after performing the data reduction
and source detection in the energy range of 0.5 — 2 keV. The exposure time of
observation 0301690401 (11.8 ks) reduced to 9.9 ks after removing the flare times.

( ) listed 54 X-ray sources in the field of UMi. After comparing
our source list with the ( ) catalogue and removing the candidate
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Figure 8.10: Top: XMM-Newton observation in the field of the Fornax. The
image are smoothed a 2-D Gaussian with kernel radius of 1.5 pixel. The colours
present the energy range of Red: 0.2-1.0 keV, green: 1.0-2.0 keV and blue:
2.0-12 keV. Bottom: Optical image of the Phoenix dwarf galaxy in V' band
observed with the UK Schmidt optical telescope (199, ). The black circle
shows the area, observed by XMM-Newton.
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Figure 8.11: Top: The overall SFH of the Fornax, divided into young, inter-
mediate, and old age ranges ( , ). Bottom: Star formation
history (SFH) track of the Fornax. The solid black line represents the best
fit SFH, while the shaded area represent the 68% confidence interval due to
random uncertainties (yellow) and total uncertainties (random and systematic;
gray). Plot has been normalised such that its total stellar mass formed is unity
at the present day. The red dot indicates the approximate age of the oldest
main sequence turn-off based on the colour-magnitude diagram of the galaxy

( , 2014).

of foreground stars, 32 sources were used for the XLF.
(2005) reported a Galactic Ny ~ 1.88 x 10** ¢cm ™2 in the direction
of the UMi. With taking a power-law model with photon index 1.7 ( ,
), ECF of 7.05947¢ + 11 in the energy range of 0.5 — 2 keV was estimated.
We applied this ECF to calculate the flux of the hard sources. Since the Ny in
the direction of the UMi was even smaller than the assumed Ny in the luminosity
function of AGNs (Ng = 2.5 x 10 cm™2; , ), it was not
necessary to apply an absorption correction for the fluxes of AGN XLF for this
galaxy. Figure 8.15 shows the XLF of the UMi in the energy range of 0.5—2 keV.
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Figure 8.12: Top: XMM-Newton observation in the field of the Ursa Minor
dSph. The image are smoothed a 2-D Gaussian with a kernel radius of 1.5
pixel. The colours present the energy range of Red: 0.2-1.0 keV, green: 1.0
2.0 keV and blue: 2.0-12 keV. Bottom: Optical image of Ursa Minor dSph
in V' band observed with Palomar 48-inch Schmidt optical telescope in SDSS
survey (199, ). The black circle shows the area, observed by XMM-Newton.
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Figure 8.13: Top: Star formation histories of three old systems: Draco and Ursa

Minor dSphs. Each is normalised relative to its lifetime average SFR ( ,

). Bottom: Star formation history (SFH) track of the Draco dSph and Umi

dSph. The solid black line represents the best fit SFH, while the shaded area

represent the 68% confidence interval due to random uncertainties (yellow) and

total uncertainties (random and systematic; gray). Plot has been normalised

such that its total stellar mass formed is unity at the present day. The red dot

indicates the approximate age of the oldest main sequence turn-off based on the
colour-magnitude diagram of the galaxy ( , ).
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8.3.5 Ursa Major Il dwarf spheroidal galaxy

Ursa Major II (hereafter UMa II) is an ultra faint dwarf spheroidal galaxy with
RA= 08"51™30° and Dec= 63° 07'48" [J2000.0] and has an apparent optical di-
mension of ~ 32.. This galaxy was discovered by ( ). The
distance of the galaxy is estimated to be 34.7 kpc ( , ). Fig-
ure 8.14 shows the optical and X-ray observations of UMa II.

( ) suggested the age/metallicity spread in UMa II could be ac-
counted for by an intermediate-metallicity stellar population with an age of at
least 10 Gyr. ( ) showed that the metallicity and the age of
the galaxy is Z = 0.001 — 0.0001 and 11 — 14 Gyr and respectively suggested
that there is a possibility that UMa II dSph experienced distinct bursts of star
formation during its history. Study of formation history of several ultra-faint
dwarf galaxies showed that they all stop the star formation more than 10 Gyr ago

( , 2014).

In X-rays, UMa II was observed in April 2011 by XMM-Newton (OBS ID of
0650180201). ( ) performed population study of the X-ray sources
of this galaxy in the energy range 0.2 — 12 keV. We have calculated the XLF of
UMa IT after performing data reduction and source detection in the energy range
0.5 — 2 keV. The exposure time of observation (34.4 ks) was ~ 14.7 ks.

( ) listed 49 X-ray sources in the field of UMa II. After comparing our
source list in the energy range 0.5 — 2 keV with the catalogue of
( ) and removing the foreground stars and candidates, we had 34 sources,
which were used to calculate the XLF'. ( ) reported the Galac-
tic Ny ~ 4.65 x 10%*° cm~? in the direction of the UMa II. Taking a power-law
model with Photon index 1.7 ( , ), the ECF is 1.08489¢+ 12 in the
energy range 0.5 — 2 keV. We applied this ECF to calculate the flux of the hard
sources. Since the Ny in the direction of the UMa II was higher than the assumed
Ny in the luminosity function of AGNs ( , ), we applied an
absorption factor for the fluxes of AGNs. The absorption factor was calculated as
explained in the section of Leo I dSph (Section 8.3.2). Figure 8.15 (last pannel)
shows the XLF of the UMa II in the energy range of 0.5 — 2 kev.
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Figure 8.14: Top: XMM-Newton observation in the field of the Ursa Major II
dSph. The image are smoothed a 2-D Gaussian with a kernel radius of 1.5
pixel. The colours present the energy range of red: 0.2-1.0 keV, green: 1.0-2.0
keV and blue: 2.0-12 keV. Bottom: Optical image of the Uma II in V' band
observed with the Palomar 48-inch Schmidt optical telescope in SDSS survey
(199, ). the black circle shows the area, observed by XMM-Newton.
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the contribution of the AGNs (blue lines) from X-ray sources in the dwarf galaxy (black lines).
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8.3 XLF of other dwarf galaxies

8.3.6 Discussion

Figure 8.17 shows the cumulative XLF of the X-ray sources for the six dwarf galax-
ies, discussed in this section. Some points have to be considered before comparing
the XLFs of dwarf galaxies:

1. The very different observational exposure times of these galaxies (see Table 8.1)
provided XLFs neither with a same significance nor a similar resolution. The XLFs
of the UMi and UMa II, which had very low exposure times, show a population of
sources in a very limited luminosity range, while a longer exposure time can give
possibilities to have more extended and more significant XLFs.
2. Since the luminosities of sources of the Draco, UMi, UMa II and Fornax are
all less than 103* erg s=!, the population can contain both white-dwarf binaries
and transient LMXBs ( , ). While, XLFs of Leo I and Phoenix
(with luminosities above 1034 erg s=! ) show a population of LMXBs. As it is
explained, Leo I, Phoenix, and Fornax had many sources with a luminosity less
than 10%* erg s7!, but since the XMM-COSMOS survey of AGNs was limited to
fluxes > 1.7 x 107° erg s7'em ™2, the function was cut at this flux and XLF just
contained the sources with higher fluxes.
3. We are interested in finding a relation between SFH and XRBs population of
dwarf galaxies. Since the typical life time of LMXBs is ~107 — 10® yr (

, ), the last 1 Gyr of SFH of each galaxy is considered in this discussion.

Comparison of Leo | and Phoenix:

For these two galaxies, XLFs show the presence of ~30 sources (LMXBs) in the
flux range of log(L,)~34-35. The Phoenix, as explained in Sect. 8.3.1, has a recent
star formation, which has continued to ~100 Myr ago. Therefore, it is expected to
have more LMXBs and also a population of more luminous sources compared to
Leo I, which is an older galaxy without any star forming activity since ~500 Myr
ago (see Sect. 8.3.2). We normalised the XLF of Leo I to the stellar mass and also
the current SFR (see Sect. 8.3.1 and 8.3.2) of the Phoenix (see Fig. 8.17, right
panel). Since the Phoenix is an example of changing from a dlrr to a dSph (see
Sect. 8.3.1), and the normalised XLF of Leo I shows consistency with the XLF
of Phoenix, the plot can present an XLF of the dwarf galaxy before completely
leaving the star forming ages and reaching quiescent life of dSphs. We could not
normalise the XLF of very old dSphs (Draco, UMi, and UMa II) to Leo I and
Phoenix since the amount of current SFR was not clear.

Old dSphs:
The XLFs of the Draco and UMi are very similar (see Fig. 8.17, left panel),
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Chapter 8 X-ray luminosity function (XLF)

which was expected regarding to their similarities in SFHs and stellar masses
(see Sect. 8.3.4). As it was mentioned, the low luminosity ranges of their XLF
suggest that the main X-ray sources in these old dSphs are white-dwarf binaries
and probable low-luminous transient LMXBs. In the case of UMi a very short
observation time did not allow us to obtain a more extended and significant XLF.
UMa II, as an ultra faint dSph should have even older stellar population compared
to other dSphs (see Sect. 8.3.5). The mass of the galaxy is also much lower than
the mass of other dSphs (see Table 8.1). Low significance of XLFs of UMi and
UMa II could not give us a comparable view of old dSphs. More observations can
help to study the XLF of old dSphs better.

Redshift (z)
0 5 2 1 05 [N
Classical MW dSphs
1.0 |
E 0.8 |
()]
E === UrsaMin
E 0.4 === Draco
3 == Carina
O 0.2 m— Leoll
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Figure 8.16: Cumulative SFH of classical Milky Way dSphs shows that there are
two types of evolution for the known dSph: predominantly old galaxies (e.g.,
Sculptor, Draco) and those with extended SFHs (e.g., Carina, Fornax) (

, 2014).

Fornax:
Based on the optical studies on Fornax, this galaxy had some recent star form-
ing actives (see Sect.8.3.3). As the plots of ( ) shows, the SFH

track of the Fornax is similar to Leo I in last 1 Gyr (see Fig. 8.16). Some studies
even compare the Fornax star formation with the Phoenix irregular dwarf galaxy
as ( ) mentioned that "Fornax, Phoenix, and LGS 3 closely re-
semble each other in several ways: all experienced star formation until 100-200
Myr ago; all have prominent intermediate-age populations, as evidenced by, e.g.,
their red clumps and subgiant branches; and they all have substantial old pop-
ulations traced by well-populated horizontal branches." The recent SFR of the
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8.3 XLF of other dwarf galaxies

Fornax (~ 1.5 x 107 M yr~!, see Fig. 8.11) is also comparable with Phoenix
(~ 1.6 x 107* Mg yr', see Sect. 8.3.1). However, the XLF of Fornax has a lumi-
nosity range much lower than the Leo I and Phoenix. The XLF of Fornax is more
close to the old dSphs, like Draco and UMi, which are almost devoid of LMXBs
(see Fig. 8.17, left panel). Therefore, it seems that we observed low luminous
sources (like white dwarf binaries) as the major population in Fornax and this
galaxy does not contain LMXBs with the same population of Leo I and Phoenix.
This inconsistency poses many questions about Fornax XLF.

Before suggesting any certain idea about this strange X-ray population of Fornax
another classification of X-ray sources of this galaxy is necessary to know, first,
the population of foreground and background (AGNs) sources in the field of the
Fornax better, and second, the nature of sources which are showing such low lu-
minosities.

As an interesting approach (hypothesis), the low luminosities of sources in Fornax
can be related to the galactic structure of this galaxy, which made it not possible
to keep its LMXBs (more luminous sources). Therefore, the major population was
white dwarf binary systems, which could be detected in Fornax due to its shorter
distance compared to other similar galaxies (Leo I and Phoenix, see Table 8.1).
As we discuss in Chapter 9, due to the kick velocity of compact objects after the
supernova explosion, typical XRBs have a higher speed than the radial velocity
of dSphs which means that these small size galaxies can not keep their XRBs.
However, detection of some LMXBs in old dSphs led to the theory that gravita-
tional effect of the dark matter halo can allow LMXBs to stay in their host dSph
depending on their speed *.

The mass of dark matter halo might be the solution in the case of Fornax, which
based on its visible mass and star formation rate, should still have LMXBs (simi-
lar to Leo I and Phoenix), but it behaves like old dSphs in which LMXBs already
finished their life. There is the possibility that the major of LMXBs of Fornax
have left the galaxy before finishing their life. The mass-to-light ratio of Fornax is
noticeably low compared to other dwarf galaxies (8.8 +3.8 (M/L)w; , )
and there are several works, which have shown that Fornax is relatively baryon-
dominated dSph, and does not fit to the dark matter halo models (e.g,

, ). While, Leo I, with a similar recent SFH but a higher luminosity
range in its XLF (see Fig. 8.17), seems to have noticeably higher mass-to-light
ratio. Different observations and models suggested a high mass-to-light ratio for
Leo I. The study of ( : ) showed that the mass distribution of
Leo I is much more extended than the visible matter and their best fit model
suggests a mass-to-light ratio of 129 + 45 (M/L)s. Also the result of (

I

! In chapter 9 we explain this theory in details and show what masses of the dark matter halo
are necessary to keep the LMXBs in dSphs.
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, ) based on the SDSS observation of Leo I suggested an upper-limit of

~65 (M/L)s for mass-to-light ratio in the V' band, within 12.. They discussed
that the mass-to-light ratio is possibly >75 (M/L)e, if a constant density dark
matter halo dominate the mass and extend further beyond 12. This hypothesis is
one possibility for the strange luminosity of Fornax sources. However, we have to
note that considering the (usually) low significant observational data of velocity
dispersion in dSphs, the estimation of dark matter halo mass are strongly depend-
ing on the selected model(s)( : ). In addition, as we mentioned,
before drawing any conclusion, an accurate classification of X-ray sources in For-
nax is necessary.
In summary, first, we showed that there is an observable correlation between the
population of X-ray binaries and star formation history of dwarf galaxies, and
second, the population of LMXBs in dSph can be related to the dark matter halo
of dSphs as it will be explained in the next Chapter.
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Chapter 9

Dark matter halo and LMXBs

9.1 Introdunction

Based on an XMM-Newton study of the Sculptor dSph, ( )
reported that the optical counterparts of five X-ray sources have colours and mag-
nitudes consistent with either giant branch or horizontal branch stars of the Sculp-
tor dSph, and all have proper motion estimates that indicate a probability of at
least 96% for being members of the Sculptor dSph. Therefore, these five sources
were classified as LMXBs in Sculptor dSph. Table. 9.1 shows the details of these
five LMXB candidates. However, more updated observations have shown that two
of them are AGNs. The source at RA=01" 00™ 26.19%, Dec=—33° 41 0775 (J2000)
is a quasar with a red-shift of z = 0.60 ( , ;

, ), and the source at RA=00" 59™ 52.75°, Dec=-33° 44 26”1 (J2000) is
a quasar candidate with z = 0.07 ( , ; , ).

In general, detections of LMXBs in the Sculptor dSph ( , )
and now in the Draco dSph (see Sect. 7.3) would mean that they are able to retain
their XRBs. ( ) raised the question whether the XRBs
can be retained by the host dwarf galaxy in spite of their proper motion. They
considered the LMXBs in the Sculptor dSph reported by ( )
and concluded that the most likely explanation for the presence of LMXBs in
Sculptor dSph galaxy would be a massive dark matter halo with a mass of the
order of > 10 M. In this chapter we discuss about the presence of the LMXBs in
dwarf galaxies and its relation to the mass of dark matter. First we review the kick
velocity of NSs and BHs and the run-away speed of the XRBs. We consider the
suggested dark matter halo mass and galactic structure of the Sculptor dSph in
the most updated works and compare with suggestion of ( ).
With the approach of ( ) we calculate the necessary dark
matter halo mass to keep the XRBs in the field of the Draco dSph by considering
the most updated reported parameters for the Draco dSph.
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Table 9.1: The five LMXB candidates in the Sculptor dSph. Columns are RA

and Declination (for the optical counterparts), optical catalogue number from

( ), the X-ray luminosity in erg sec™!, the number of counts

in the soft (0.5 — 2.0 keV) and hard 2.0 — 8.0 keV bands, the ratio of soft to
hard counts ( : )

RA Dec Opt.no. Lx Soft Hard HR
(J2000) (J2000) erg s

01 00 09.39 —33 37 31.9 355 6 x10% 325 82 39
01 00 26.19 33 41 07.5 758 1x10% 108 59 1.8
00 59 58.68 33 43 37.1 609 1x10% 189 40 4.7
00 59 52.75 33 44 26.1 226 6 x 103 73 49 1.5
01 00 13.84 33 44 43.3 NA 9x10%* 804 212 3.8

9.2 The run-away speed of the XRBs

Compact objects obtain a kick velocity at their birth. The run-away speed of X-
ray binary systems, caused by an asymmetry of supernova explosions, have been
calculated in several works. It was first discussed by ( ) and
( ) who considered the strangely high space speed of some of the O and B
stars. They concluded that this high speed originates from the asymmetric super-
nova explosion in the binary systems. The loss of mass on time scales faster than
the orbital period of the binary system means that the lost mass in supernova
explosion will carry away linear momentum related to the centre of mass of the
binary system. It means that the new formed binary system (new formed NS or
BH and the companion) will receive equal and opposite momentum kicks. This
kick is sometimes called "Blaauw and Boersma kick (recoil)".
Following several observational updates which reported different space speeds for
XRB systems and isolated NSs, several mechanisms have been suggested to cal-
culate the run-away speed theoretically (see e.g., , ).
Assuming that the birth velocities of NSs are distributed with a mean value of
450 kms™! according to ( ),
( ) studied the effect of the supernova kick on the binary system and con-
cluded that LMXBs that remain bound after the supernova explosion have an
average system velocity of V' = 180 £ 80 kms™!. ( ) also showed
that N'Ss born in the wide binary systems receive only a small kick velocity (< 50
km s7!), while NSs born in isolation receive large kick velocities, with a mean
speed of ~300 kms~*.
As a noticeable sample of the most updated observational works in this field,

( ) investigated the proper motion (using the data of Yale southern
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survey, , ) of optical counterparts of HMXBs and LMXBs. For
the optical counterparts, they checked the confidence for the optical source being
the companion of a binary system and discovered the high linear momentum of
two binary systems.

9.2.1 Structural models of the dwarf galaxies

As modeled by ( ) for different globular clusters, the escape velocity
of LMXBs from the core of a globular cluster is ~30 — 60 kms~!. Therefore,
because of the small size of the globular cluster, XRBs have a very low chance to
remain in globular clusters. But what about dwarf galaxies?

The stellar mass of the dSph galaxies is comparable to that of massive globular
clusters. However, globular clusters are dense and compact, while dSphs are very
extended and their radii exceed those of globular clusters by a factor of several

hundreds ( : ) and reach up to kilo parsecs. The
velocity dispersion of their stars again is similar to what is measured in globular
clusters ( : ).

There are three main models to justify this peculiar behaviour of the dSphs:
First, the dSph galaxies are the results of the birth of small systems, especially

in the cold dark matter (CDM) model ( : ). The dark matter
dominated model suggests that dSphs originated from the most massive primor-
dial dark matter sub-halos (e.g., , ). In

this model, N-body simulations predict masses of ~1010 M@ for the dSphs (
1999).
Second possible origin of dwarf galaxies is the tidal scenario (e.g., , ;
, ,4). Since dSph galaxies are in general located close to their
host galaxy, the tidal field of the host galaxy has most likely played an important
role in their formation and evolution. The model suggests that tidal interactions
transform field disk galaxies into spheroidal systems.
A third model suggests that dSph galaxies are fragments liberated during colli-
sions between larger galaxies ( , ). The interaction of gas rich
galaxies can throw out long thin tidal arms, which fragment, collapse and form
new stars ( : ). Some of the tidal dwarf galaxies in these
models contain even no dark matter and are almost unbound ( ) ).
These models are not necessarily independent of one another; for example a dwarf
galaxy may form via the collapse of CDM and then evolve through tidal interac-
tions ( , ). Usually, for each dwarf galaxy, the proper model(s)
are examined using both observation and simulation.
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Model of the Draco dSph
In the case of the Draco dSph, all of the different studies, e.g., very deep ob-
servational studies ( , ), or N-body simulations (e.g.,

, ; , ) consistently concluded that the Draco dSph is a
flawless dwarf galaxy, i.e, it can not be the remnant of a tidally disrupted satel-
lite galaxy. Instead, it is most likely strongly dark matter dominated. The total
i-band luminoscity of the Draco dSph is L/Ls = (2.4 + 0.5) x 10° (

, ). Under the assumption of Virial equilibrium, the high stellar velocity
dispersion implies an extremely high mass to light ratio, from 146 +42 (M/L)q

(e.g., , ; : ), and even up to 440 (M/L)s (
, ). Several other studies (e.g., , : , ) also

concluded that Draco dSph is probably a very strongly dark matter dominated
galaxy. With this background we try to understand how consistent the estimated
mass of the dark matter halo is with the required mass to retain the LMXBs.

9.2.2 Dark matter halo in the Sculptor dwarf galaxy

In the case of the Sculptor galaxy, the minimum required mass of the dark matter
halo to hold LMXBs with velocities between 20 — 60 km s™! has been estimated by

( ). They assumed a pseudo-isothermal sphere model with
a radius of 1.5 kpc for the galaxy, a mass of 5 x 107 M, and a truncation radius
that exceeds 15 kpc. They selected different radii for the dark matter halo core to
show how massive the total mass should be to keep the LMXBs in the potential.
According to this model, a dark matter core with a radius of ~3—5 kpc is needed to
hold the LMXBs in the Sculptor dSph with a speed between 40 —60 kms~!. It also
implies that the total mass of the galaxy should be of the order of 10'° M, which
is more massive than other estimates. A recent estimate for the dark matter in the
Sculptor dSph showed that a pseudo-isothermal sphere model is consistent with a
dark matter core radius of r. = 0.5 kpc and a mass of M = (3.4 +0.7) x 10® M,

inside the radius of 1.8 kpc ( , ). This estimate suggested dark
matter halo masses and core sizes (e.g., , ) are significantly
smaller than that of ( ).

9.2.3 Dark matter halo in the Draco dSph

In the case of the Draco dSph, there have been several attempts to estimate the
mass and its distribution. The most recent optical observations suggest a visible
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Figure 9.1: The minimum mass of an extended dark matter halo for Sculptor
dSph required to hold on to an LMXB with velocity vy at radius 1 kpc for
haloes with core radii r. of 0.7, 1.5, 3 and 5 kpc. The halos are assumed to have
a mass 5 x107 within 1.5 kpc. The curves end to the right when the required
truncation radius 7, My exceeds 15 kpc (the larger the core radius, the larger
the maximum vy still bound (Dehnen and King, 2000).
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Figure 9.2: Line-of-sight velocity dispersion profiles (with 1o error bars) for the
Draco and UMi dSphs (Wilkinson et al.; 2004).
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galaxy core of 7/7 (corresponding to 0.18 kpc at a distance of 82 kpc,

: ), and a stellar truncation radius of ~40’1 (corresponding to 0.96 kpc)
( , ). The velocity dispersion of Draco dSph measured in
many observations is between 9 — 11 km s~ ( ) found the first
evidence of an extended dark matter halo in the Draco dSph. They showed that
the velocity dispersion with two different dark matter halo models consistently
implies a mass of M = 8%3 x 107 My, inside a dark matter halo core of 7. = 29.
Consistently with this result, a sharp decline in the velocity dispersion outside

~30 was reported by ( , Fig. 9.2). On the basis of this new
data of ( ), ( ) has performed another study of
the Draco dSph dark matter distribution and calculated a mass of M = 6.6 x 107
M, which is lower than the estimated mass by ( ). On the other
hand, N-body simulations of ( ) in different initial conditions were
fitted to observational data of ( ) and suggest a mass of ~10%

M, inside 0.8 kpc for the Draco dSph (Model D in the paper) and showed that it
is possible for the dSphs to have a dark matter halo with a mass of 10'° M.
However, it should be also considered that there are other observational data that
show no evidence of rapidly falling dispersion ( , ; ,

). In these work the estimation of mass is 6.9x107 M, at radius 0.6 kpc, or
9.0x10” M, at the outermost profile point.

Additionally, with a cosmological approach, ( ) fitted a flex-
ible stellar anisotropy model to the velocity dispersion reported by
( ) and showed that there are two possible mass ranges for the dark matter

halo the Draco dSph; either it formed rather recently (at z = 2—7) and is massive
(up to 5x10? My, ) or formed before the reionzaition of the universe (z = 7 — 11)
and is less massive (down to ~7x107 Mg).

In the following calculation, we took the radius at which the observed velocity
dispersion changes as the dark matter radius. Considering the above results and
following the method by ( ), we calculate the necessary total
mass in the Draco dSph to confine LMXBs with the speed V. The model for the
halo follows the formula:

7“3

GM(<r) = VOT2—|—7’2

(9.1)

By assuming a dark matter core radius of r. = 29 (0.70 kpc at the distance of

82 kpc, , ), and a radius of the galaxy of r = 40 (0.96 kpc at
the distance of 82 kpc), the circular velocity is:
GM 0.70\?
Vo=1|—— 1 — | . 9.2
° =\ 0.96kpe “\ T <0.96> (5:2)
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Figure 9.3: The minimum mass of the extended dark matter halo of the Draco
dSph, which is needed to confine an LMXB with the velocity V' at the radius
1 kpc. The halo core radius is 0.70 kpc and the assumed mass is M= 5 x 107
My, (dashed line) or 8 x 10® My, (solid line) within 0.96 kpc. The truncation
radius changes with colours. Black, red, and green correspond to reach up to 3,
5 and 10 times the visible radius of the galaxy.

With ry being the truncation radius of the galaxy, the velocity ves. at radius r < ry
required to escape outside r; is:

2 2
V2o vgzn(” i TC) . (9.3)

esc TQ + Tg

Inside the visible galaxy, we assumed two different dark matter core masses of
Myin = 5 x 107 My, and M,,,,— 108 M. We calculated the halo mass required to
keep an LMXB moving out with the velocity v from r» = 1 kpc, which is already
larger than the radius of the galaxy. The truncation radius of the halo can vary
between 3 — 10 times the stellar radius (e.g., , ; ,

). However, we note that large halo truncation radii (in the order of 10 times
the galaxy radius) are suggested in tidal dwarf galaxy models (e.g.,

, ; , ). It seems unlikely for the Draco dSph, without any
tidal evidence, to extend up to 10 times the visible radius. In Figure 9.3, we show
how the amount of the mass changes by assuming a dark matter truncation radius
of 3 — 10 times the galaxy radius. Different colours present different ranges of the
truncation radius from minimum to maximum.

Circular velocity
The circular velocity calculated by Eq.(9.2) is between ~ 27 — 38 km s™'. The
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Figure 9.4: Predicted velocity dispersion profiles (dotted) of the Draco dSph.
The two best fitting models for each dwarf spheroidal are shown with thick
solid lines. The green dashed lines correspond to the circular velocity curves of
these best-fit dispersion profiles. King profile fits to the stellar distributions are
shown in blue dot-dashes. The red horizontal line corresponds to the central
dispersion value given by ( ). The data are from ( )
and show the velocity dispersion profile of the Draco dSph. The plot is by Felix
Stoehr (Ph.D thesis, 2003, Physics Department, Ludwig-Maximilan University
of Munich).
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amount of the circular velocity plays an important role in the estimation of both
the total mass and the escape velocity in this model. Our estimation is consistent
with the result of ( ), who have shown that by adapting
an isotropic and a tangentially anisotropic model, a maximum circular velocity
of ~ 20 — 35 km s~! fits the data well and also with the result reported in Ph.D
thesis of Felix Stoehr ' who calculated the velocity dispersion of the Draco dSph
using the data of ( , Fig. 9.4).

However ( ) showed that the circular velocity can reach signifi-
cantly higher value than expected from the stellar line of sight velocity dispersion.
They suggested a maximum circular velocity Vj,.. of the order of 79 kms™!. Con-
trarily, ( ) assumed the velocity dispersion as a lower limit
for the circular velocity of 9.6 km s™! at a radius of 0.74 kpc. ( )
mentioned that the Draco appears to rotate at 6 km s~! at the radius of 30 Also
( ) mentioned that for an isothermal model, the circular velocity
of the Draco can be on the order of 13.4 km s
As shown in Figure 9.3, even assuming the highest total mass inside the visible
radius of the Draco dSph and extending the truncation radius of the dark matter
halo to 10 times of the visible radius, the galaxy is only able to keep LMXBs
with speeds lower than ~70 km s~!, which is much smaller than the mean speed
of the majority of the LMXBs of 300 km s™! according to ( ).
However, neither do we know the accurate distribution of the run-away speed of
LMXBs, nor the mass, nor the truncation radius of the galaxy. We will need a
better estimate of the number of LMXBs in the dSphs to have a more clear value
of the required total mass of such galaxies.

L http://edoc.ub.uni-muenchen.de/1644 /

143






Chapter 10

Conclusions, results and outlook

1. We presented the X-ray analysis of five XMM-Newton observations of the Draco
dSph. We performed source detection separately for each image in each observa-
tion and total band mosaic of EPIC, obtaining a catalogue, containing 70 X-ray
sources. The position of the X-ray sources for each observation were corrected by
the position of optical counterparts. The position of the source in the final cata-
logue is taken from the observation where the source had the highest statistics.

2. As second step, the correlation of sources with catalogues in other wavelengths
was checked. For each source, all the counterparts at other wavelengths and in
other catalogues available in literature (e.g., AGNs, galaxies, Milky Way) were
considered in the classification. Optical and infrared magnitudes were used to
plot the colour-colour or colour-magnitude diagrams. These diagrams clarified
the class of several sources. In addition, the optical magnitude of the source coun-
terparts of the SDSS9 and MegaCam catalogues and their X-ray flux were used to

calculate the logg ( Ff ;) This method was essential to significantly distinguish

X-ray sources with bright optical counterparts (especially foreground stars).

3. To properly classify the sources, different type of analysis were performed for
the X-ray sources. The spectrum of sources with a sufficient amount of counts was
studied. Spectra of hard sources were used to select the spectral model (a power-
law model with I" = 1.81) to calculate the source flux. In addition, the spectral
models of two bright foreground stars were presented. Finally, the method of com-
bining the spectrum of 3 different EPICs of an observation was tested. Results
showed that for faint sources this method can improve the significance of the fit
parameters, while for bright sources it is not necessary.

4. The investigation of the spectral properties of the sources was completed by
studying hardness ratio diagrams. Hardness ratio diagrams can indicate the spec-
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tral model of sources for which the poor statistics of counts does not allow to
extract a spectrum. The hardness ratio is defined for a source in energy bands, in
which the detection ML of the source in that band is > 6.0.

5. The variability of sources was studied searching for long-term and short-term
variabilities. For long-term variability studies, the flux of the sources (0.2-4.5 keV)
in five observations were plotted and fluctuations over time were investigated. Dur-
ing the time of the five XMM-Newton observations (~ 24 days), just one source
(source No 33) showed a very high fluctuation in its flux possibly related to an
outburst, as the source is a candidate cataclysmic variable. In addition, for sources
which have counterparts in the Chandra catalogue, the equivalent XMM-Newton
flux in the energy range of 0.2-4.5 keV were calculated. These Chandra sources
resulted to have fluxes comparable to the XMM-Newton fluxes. Therefore, we did
not find long-term variable sources. In the case of short-term variability, two dif-
ferent methods were applied to find a periodicity or pulsations of the sources. The
Lomb-Scargel method did not unveil any periodicity or pulsation for the bright
sources, however the Z? test shows a significant pulsation for one of the source
(source No 65). To further investigate this source we asked for 10 ks Swift obser-
vation. However, the source was not detected and we concluded that the source
was probably in the quiescent state.

6. All methods mentioned above were used for all sources to classify them. We
classified 18 sources as AGNs and 9 sources as galaxies and galaxy candidates.
Six sources were classified as foreground stars and one source as a foreground
contact binary system in the Milky Way. Four sources were classified as LMXB
candidates. Based on hardness ratios, we classified 9 hard sources, which can be

AGNs or LMXBEs in the field of the Draco dSph.

7. We derived the XLFs of the X-ray sources in Draco dSph in the energy ranges
of 2.0 — 10 keV and 0.5 — 2 keV. We removed the foreground stars and cata-
clysmic variable candidates to extract the XLF of the LMXBs. The combination
of the background AGNs were subtracted by the function, obtained from the
XMM-COSMOS survey. The expected number of AGNs in the observed field can
be calculated assuming the distribution function of Cappelluti et al.( , see
Sect.8.2.3). Considering the area of the field of view (FOV) the total expected
number of AGNs is ~45. Therefore, more than half of the X-ray sources in the field
of Draco are most likely AGNs. The number of X-ray sources in the Draco dSph
with luminosities between 1033 — 4 x 103 ergs~! is estimated to be ~10, which
can be a population of both white dwarf X-ray binaries and transient LMXBs.
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For a better study of the LMXBs population, longer observations are necessary.

8. We derived the XLFs of the X-ray sources for the Phoenix, Leo I, Fornax,
UMi and UMa IT dwarf galaxies in the energy ranges of 0.5 — 2 keV. We reviewed
the star formation histories of these galaxies, investigated relations of formation
history of each galaxy to its XLF, and compared the galaxies. It is shown that
there is a correlation between the recent formation history and the XLFs of dwarf
galaxies. We obtained the XLF of LMXBs for dwarf galaxies, when they are in
the last star formation stage (see Fig. 8.17). In addition, we discussed the possible
cases for low luminosities found for X-ray sources in Fornax dSph.

9. Considering the escape velocity of LMXBs, we estimated the required dark
matter halo mass to keep the LMXBs in the Draco dSph. Our calculation shows
that the Draco dSph seems not to be able to retain its LMXBs with a speed 2 70
km s, however this result require further investigation (observations) to have a
better classification of LMXBs in the Draco dSph.

Outlook

1. The X-ray population study of dwarf galaxies can strongly help to understand
the star formation, galactic evolution, and the structure of these galaxies. Our
studies were limited to the XLFs of six dwarf galaxies, however there are more
than 20 dwarf galaxies around the Milky-Way with a distance less than 200 kpc
(Table 2, , ). This makes them ideal targets to improve and
extend the X-ray population study of dwarf galaxies as the oldest known nearby
galaxies. There is no available survey to offer a general X-ray luminosity function
for the evolution of dwarf galaxies and this thesis can be a basis for this larger work.

2. Not only, the observation of other dwarf galaxies can complete this survey, but
also, longer observations of studied cases like, Draco, UMi, UMa II dSph, which
suffered of short observational time, can help to significantly improve the compar-
ison of XLFs of these galaxies. New observations can help to improve the source
classification of the dwarf galaxies which is very important in population studies.

3. Optical observations and simulations are being carried out to find a suitable
model for the structure of dSphs. There are cases in which the result are not
consistent with common dark matter dominant models of dSphs ( ,

). It seems that the population of LMXBs can be a probe for the structure
of dSphs.
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0ST

Figure 11.1: The light curves of the entire EPICs in each observation. The time-bin-size of the light curves is 10 s.
Light curves of OBS3 and OBS4 were contaminated by flares more than other observations. For each observation,
we removed the times of strong background flares from the event files which were obtain from these light curves.
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€ql1

Figure 11.2: The RA and Dec offsets of XMM-Newton observations. The optical source coordinates is set to 0.0 in
RA and DEC. The plot shows differences of position of X-ray sources compared to the optical sources. the error bars
are corresponding to the error of X-ray source and its optical counterpart.
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Chapter 11

Figure 11.3: The plots show the light curve of each source over five observations.
The weighted (0.2 — 4.5 keV) flux of each source in different observations is
plotted over time. If the source was not detected in an observation, the upper
limit was calculated.
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Figure 11.4: The Lomb-Scargel peridogams of the brightest X-ray sources of the Draco dSph
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Figure 11.5: The simultaneous spectral fit (left plots), and merged spectral (right
plots) fit of the hard bright sources. The parameter of these fit models are in
Table 6.2. Sources No 14 and 43 were detected only in EPIC-pn.
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Table 12.1: Position and detection ML for the detected sources by XMM-Newton in the field of the Draco dSph, in

different observation in the EPIC-pn, summation and average in all EPICs., and in mosaic image

ID RA(J2000) Dec(J2000) rlo() pn-OBS1 pn-OBS2 pn-OBS3 pn-OBS4 pn-OBS5 Sum-of-ML Epics-Ave  Mosaic-ML
1 17 18 46.52  +57 54 46.5 1.16 - - - - - - - 11.5
2 17 18 48.45 457 50 13.3 1.05 - - - - - - - 14.7
3 17 18 49.99  +57 54529  0.88 17.5 19.9 - - 18.7 56.1 18.7 40.3
4 17 18 56.89  +57 51 04.0 1.07 15.5 10.3 - - - 25.8 12.9 25.0
5 17 19 00.63  +57 51 45.7 1.19 - 23.0 - - 69.3 114.4 38.1 64.5
6 17 19 01.51  +58 00 29.0 0.35 196.2 306.8 303.3 55.5 271.2 1592.7 144.8 1226.1
7 17 19 04.05  +58 03 29.3 1.15 - - - - 97.3 360.4 51.5 374.4
8 1719 04.54  +57 47 27.5 0.48 195.7 - 23.3 34.7 144.5 633.7 70.4 481.8
9 17 19 06.76  +57 55 48.0 0.92 - 13.7 - - - 26.8 13.4 23.2
10 171910.33 4574948.0 0.37 208.7 135.9 96.1 - 237.9 1118.6 124.3 731.8
11 17 19 11.75  +57 47 20.9 2.44 - 11.4 - - 11.0 22.4 11.2 -
12 1719 19.62 457 59 42.2 0.39 117.7 153.2 94.4 34.4 97.9 894.6 68.8 586.6
13 17 19 20.17  +57 54 01.5 1.30 11.1 37.6 - - - 66.4 22.1 53.9
14 1719 21.71 45749 43.8 0.33 418.1 463.0 48.8 - 483.9 1806.6 225.8 1265.4
15 1719 24.84 5744520 0.54 74.2 86.0 51.7 12.1 111.9 392.9 49.1 265.6
16 17 19 25,98  +57 50 19.1 1.39 17.5 13.2 - - 11.6 42.2 14.1 14.5
17 1719 26.14 +58 00 57.3 1.90 41.0 - 47.5 - - 88.5 44.3 -
18 1719 28.02 45743126  0.72 - - - - - 107.5 26.9 89.4
19 1719 29.56 45749 36.4 1.88 16.5 - - - - 16.5 16.5 15.9
20 1719 34.35 457 58 50.1 0.17 - - - - 1867.0 6192.5 688.1 6772.6
21 1719 36.65 +57 49 00.2 0.78 48.0 42.0 - - - 9— 45.0 84.3
22 1719 37.01  +57 46 58.7 0.66 72.6 45.6 65.8 16.8 62.3 279.8 46.6 181.6
23 17194543 +575256.9 0.56 63.4 55.9 35.0 - - 288.4 32.0 204.2
24 171953.96 +575950.8 0.36 157.6 139.6 132.5 - 8~ 1013.0 72.4 696.1
25 17 19 56.21  +58 05 27.1 1.16 11.1 18.1 12.4 - - 41.6 13.9 18.3
26 17 1957.05 45746 17.8  0.64 54.1 88.7 - - 105.3 310.6 51.8 207.0
27 1719 57.76 457 50 06.2 0.88 264.9 245.6 184.2 48.7 242.7 1124.6 140.6 -
28 172002.29 +575544.3 0.97 22.7 - - - 20.9 43.6 21.8 15.5
29 17 20 08.31  +57 58 20.4 1.07 - - 12.0 - 15.4 65.8 16.5 46.5
30 17 20 10.16  +57 54 06.5 1.52 - 26.7 - - - 26.7 26.7 16.6
31 172013.92 +575052.4  2.20 - 13.5 10.9 - 12.0 47.8 11.9 19.6
32 17 20 14.67  +57 46 06.5 1.83 - 14.6 - - - 14.6 14.6 17.2
33 17201796 +575104.4 0.66 19.4 32.4 163.7 731.3 11.8 1846.1 167.8 557.4
34 172021.20 +574359.3  2.69 14.8 14.9 - - - 40.5 13.5 26.8
35 17 2021.88 +57 58 26.5 0.04 41019.3 42556.3 27957.5 7013.6 61828.7 264438.0 17629.2 186914.7
36 17 20 21.70  +57 43 27.6 0.71 37.9 38.4 29.8 - 79.3 202.0 40.4 168.2
37 17 20 23.57 +57 50 09.1 2.22 - 12.8 - - - 12.8 12.8 17.3

Continued in the next page
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ID RA(J2000) Dec(J2000) rlo() pn-OBS1 pn-OBS2 pn-OBS3 pn-OBS4 pn-OBS5 Sum-of-ML  Epics-Ave  Mosaic-ML
38 1720 25.77 457 52 41.3 1.77 - - - - 13.0 13.0 13.0 1-
39 172025.64 +575304.4 0.65 42.5 28.4 3 - 44.6 182.9 30.5 166.1
40 17 20 28.33  +57 56 23.3 0.63 36.0 26.3 23.4 - - 108.1 21.6 71.3
41 17 20 32.86 +58 07 16.0 1.85 - - - - 26.8 26.8 26.8 21.4
42 1720 33.08 +58 06 13.7  2.03 - 22.6 - - - 40.8 20.4 42.9
43 17 20 33.62  +58 08 29.7 0.23 6312.3 4327.5 2013.4 - - 18031.1 2003.5 12944.7
44 1720 37.10 45748 56.3  0.33 - 240.5 201.5 56.0 401.1 1878.9 156.6 1247.9
45 17203762 +5802124 0.11 3704.2 7978.2 3141.1 72— 2645.9 28610.4 2043.6 21553.7
46 17 20 38.45  +57 45 45.4 1.22 - 10.4 11.3 - - 21.7 10.8 24.9
47 1720 39.66 457 56 48.8 1.62 - - - - 12.9 12.9 12.9 -
48 17 20 43.08 457 54 43.2 0.35 167.5 221.4 110.6 21.7 96.8 1167.9 83.4 759.0
49 17204727 45753206  0.64 49.6 32.1 21.9 13.8 43.1 218.0 27.3 151.8
50 17 20 51.94  +57 41 59.0 0.41 226.1 131.0 118.8 45.8 397.5 1344.3 122.2 977.3
51 17 20 52.28 +57 55 13.2 0.17 1570.4 1689.2 1210.2 406.1 931.6 9658.4 643.9 6857.3
52 17 20 52.50 +58 04 51.1 1.05 - - 12.7 - - 12.7 12.7 15.3
53 17 2056.35  +57 47 41.7 1.01 - - - - - - - 13.6
54 1721 00.45 457 51 53.5 0.66 19.9 38.7 37.9 - 34.7 141.3 28.3 117.8
55 1721 04.38 +574106.0 0.83 46.9 58.4 43.8 - 48.5 197.7 49.4 122.3
56 17 21 05.04 +57 53 38.2 2.07 - - - 15.8 - 41.3 13.8 89.6
57 1721 12.02 +57 50 01.5 0.80 26.6 - - - 16.3 55.1 18.4 75.8
58 1721 13.06 +57 56 15.2 0.87 17.0 22.3 15.2 - - 66.7 16.7 37.9
59 1721 16.66 +58 01 16.5 1.95 - 31.3 15.8 - - 47.2 23.6 32.0
60 17 2122.92 +57 50 29.2 0.61 96.1 90.6 39.6 11.6 29.9 291.5 48.6 193.8
61 1721 24.66 +575253.6 2.23 - - - 12.0 - 12.0 12.0 -
62 17 21 29.13  +57 47 08.9 1.80 21.5 11.3 - - - 32.8 16.4 -

63 17 21 36.11  +58 03 02.2 1.77 19.7 17.0 - - - 36.8 18.4 -
64 17 21 39.51 +58 01 45.2 0.87 22.7 - - - 18.4 41.1 20.5 55.9
65 17 21 40.60 +58 02 44.8 1.63 43.1 18.1 - - - 61.2 30.6 -
66 17 21 41.08  +57 45 53.2 1.61 11.1 - - - - 11.1 11.1 18.6
67 17 21 41.40 +57 52 35.2 0.66 I - 38.8 17.0 123.0 306.6 43.8 247.8
68 17 21 48.46 457 58 03.2 0.72 33.0 37.3 52.4 - 51.1 245.0 35.0 198.6
69 17215832 5749227 0.11 - - - 428.6 7784.8 8213.4 4106.7 37602.1
70 1722 11.69  +57 56 51.1 1.88 23.1 26.3 - - 32.9 82.2 27.4 34.4

PN-OBS* : The ML of the source in EPIC-pn in different observation.
Sum-of-ML: The summation of ML of sources in all EPICs of all observation.
Epics-Ave: The average of ML of source in all observation.
Mosaic-ML: ML of the sources in mosaic image.
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Table 12.2: 0.2-4.5 keV flux of sources detected in OBS 1 and 2 for all EPICs

D OBS1 OBS2

ID MOS1 MOS2 PN MOS1 MOS2 PN

1 G <2.88e-14 <251e-14 <2.90e-14 <2.79¢-14 <2.75e-14

2 G <3.09¢-14 <2.80c-14 <3.24c-14 <2.92¢-14 <3.68¢-14

3 G <2.79e-14 (1.15 4 0.32)e-14 G <2.67e-14 (6.33 £ 2.00)e-15
4 N <2.73¢-14 (5.79 £ 2.21)e-15 G <3.04c-14 (3.22 + 1.44)e-15
5 N <2.58¢-14 <2.31c-14 G <2.46¢-14 <(9.26 + 2.54)e-15
6 G (4.20 £ 0.84)c-14  (3.81 £0.46)c-14 G (432+£0.73)e— 14 (5.21 £ 0.52)e-14
7 G (5.10 £ 0.87)c-14 N G (3.61 + 0.70)c-14 N

8 N (2.22 +0.60)e-14  (3.12 4 0.44)e-14 N (4.99 + 0.77)e-14 G

9 <2.40c-14 <2.35¢-14 <2.22¢-14 G (1.30 + 0.41)c-14 (7.43 £ 2.19)c-15
10 N (6.41 +0.93)e-14  (4.84 4 0.55)e-14 N (3.72 +0.67)e-14 (3.82 4 0.49)e-14
11 N <2.86¢-14 <2.60c-14 N <2.72e-14 (4.04 £ 1.39)c-15
12 (3.30+0.66)e-14  (3.48+0.68)e-14  (3.21 4 0.44)e-14 (3.944+0.72)e — 14 (3.73£0.72)e-14 (3.62 4 0.45)e-14
13 G (1.22£0.36)e-14  (7.53 £ 2.21)e-15 G <1.95¢-14 (9.66 + 2.08)c-15
14 N (4.53 £0.66)e-14  (4.68 & 0.42)c-14 N (4.08 + 0.64)c-14 (5.04 £ 0.46)c-14
15 N <3.27e-14 (2.49 + 0.43)e-14 N (2.64 & 0.70)e-14 (2.49 + 0.43)e-14
16 N <2.08¢-14 (3.09 + 1.10)e-15 N <2.11e-14 (3.91 + 1.53)c-15
17 <2.31e-14 <2.48e-14 (3.64 & 1.83)e-15 2.21e-14 2.37e-14 1.96e-14

18 N (2.88 £ 0.75)c-14 N N (3.89 + 0.91)c-14 N

19 N <2.12¢-14 (8.66 & 2.47)e-15 N <2.14¢-14 <1.93e-14

20 G (1.32 £ 0.10)e-13 G (1.22 £ 0.09)c-13 (1.48 + 0.10)e-13 G

21 N G (1.19 + 0.24)c-14 N <1.99¢-14 (9.71 + 2.28)c-15
22 N <2.55¢-14 (2.00 + 0.37)c-14 N <2.43e-14 (8.77 £ 2.31)e-15
23 (4.90£2.03)e-15  (1.234+0.33)e-14  (1.23 £ 0.23)c-14 (1.34 £ 0.32)c-14 (1.14 + 0.29)c-14 (8.44 + 1.65)c-15
24 (5.06+0.84)e-14  (4.49+£0.70)e-14  (3.13 £ 0.40)e-14 (2.43 4 0.62)e-14 (1.81 & 0.46)e-14 (2.82 4 0.36)e-14
25 <2.88¢-14 <3.25¢-14 (1.11 £ 0.33)e — 14 <2.76c-14 <3.08¢-14 (9.45 + 2.38)c-15
26 N (1.99 £ 0.47)e-14 (220 + 0.39)e — 14 N <2.44e-14 (1.95 4 0.33)e-14
27 G <1.84c-14 (1.03 4 0.14)e-14 (1.13 4 0.36)e-14 (1.06 + 0.24)c-14 (9.75 + 1.41)e-15
28 <1.55e-14 <1.59e-14 (5.09 + 1.58)e-15 <1.48¢-14 <1.52¢-14 <1.32¢-14

29 G <1.86¢-14 G (1.26 £0.33)e-14  (9.30 £ 2.47)e — 15 G

30 <1.58¢-14 <1.54e-14 <1.42¢-14 1.51e-14 1.47e-14 (7.43 + 1.80)e-15
31 <1.88e-14 <1.74e-14 <1.56e-14 1.80e-14 1.67e-14 (3.87 + 1.44)e — 15
32 <2.84c-14 <2.64c-14 <2.30e-14 N G (6.91 + 2.36)c-15
33 <1.88e-14 <1.74e-14 (3.24 £ 0.97)e-15 <1.79¢-14 <1.66e-14 (4.68 £ 0.99)e-15
34 <3.60c-14 <3.35¢-14 (1.13 4 0.38)e-14 <3.45¢-14 (1.96 + 0.64)e-14 (1.49 + 0.40)c-14
35 (8.20£0.19)e-13  (8.77+0.20)e-13  (9.15 £ 0.11)e-13 (8.12 4 0.19)e-13 (8.70 4 0.20)e-13 (9.37 +0.11)e-13
36 <3.83¢-14 <3.55¢-14 (2.49 £ 0.51)e-14 <3.66¢-14 (1.19 + 0.38)e-14 (1.34 £ 0.32)e-14
37 <2.04¢-14 <1.89¢-14 <1.74¢-14 <1.97¢-14 <1.80e-14 (7.98 + 2.26)c-15
38 <1.77e-14 <1.68e-14 <1.57e-14 <1.69¢-14 <1.61le-14 <1.58e-14

39 <1.74c-14 <1.67c-14 (5.25 + 1.33)e-15 (6.02 £ 2.41)c-15 <1.59¢-14 (4.49 £ 1.17)e — 15
40 <1.73¢-14 (6.51 £2.76)e-15  (7.83 4 1.76)e-15 <1.61e-14 <1.75e-14 (8.31 + 2.00)e-15
41 N <4.08¢-14 <3.24e-14 G <3.87c-14 <3.24e-14

42 <3.36¢-14 <3.74e-14 G <3.18e-14 <3.59¢-14 (1.53 4 0.39)e-14

Continued to the next page
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D OBS1 OBS2

ID MOS1 MOS2 PN MOS1 MOS2 PN

13 N (6.77T £0.35)e-13 (542 £ 0.16)c-13 N (4.50 £ 0.28)c-13 (4.08 £0.14)c-13
44 (5.64+0.76)e-14  (6.79 & 0.84)e-14 G (4.56 £ 0.68)c-14 (5.67 £ 0.75)c-14 (3.96 £ 0.54)c-14
45 (226 £0.13)e-13  (2.234+0.13)e-13  (1.98 £ 0.07)e-13 (3.89 £ 0.17)c-13 (4.07 £ 0.19)e-13 (3.78 £ 0.09)c-13
46 <3.28e-14 <3.09e-14 <2.53e-14 <3.12¢-14 <2.96e-14 (5.21 + 1.87)e-15
47 <1.85¢-14 <1.92¢-14 <1.86¢-14 <1.77c-14 <1.94c-14 <5.01e-14

48  (3.184+0.56)e — 14  (3.824+0.61)e-14  (2.66 =+ 0.33)e-14 (2.70 £ 0.52)e-14 (2.98 £ 0.5)e-14 (3.36 £ 0.37)e-14
49 <2.06¢-14 <2.00e-14 (1.33 £ 0.26)c-14 G (121+£0.33)e— 14 (8.91+2.17)e-15
50 N N (6.52 £ 0.78)e-14 (4.73 £ 1.19)e-14 N (5.64 £ 0.78)e-14
51 (1.16 £0.09)e-13  (1.25+£0.10)e-13  (1.14 =+ 0.06)e-13 (1.07 £0.09)e-13  (9.54+0.84)e — 14  (1.14 £ 0.06)e-13
52 <3.33¢-14 G <2.99¢-14 <3.20¢-14 G <2.97c-14

53 <3.12¢-14 <3.07e-14 <2.50e-14 <2.99¢-14 <2.94e-14 <2.99e-14

54 <2.57c-14 <2.50e-14 (7.82 + 2.48)e-15 <2.46¢-14 <2.39¢-14 (8.71 £ 2.30)e-15
55 N N (2.19 + 0.52)e-14 N N (3.36 £ 0.66)e-14
56 (7.85+2.37)e-15 <2.53e-14 G <2.47e-14 <2.46e-14 G

57 <3.28¢-14 (2.08£0.71)e-14  (1.63 £0.41)e-14 <3.14¢-14 G G

58 G G (8.13 £ 2.72)e-15 G G (1.33 4 0.32)e — 14
59 <3.49¢-14 G <6.17c-14 <3.28¢-14 G (7.23 + 1.60)c-15
60 <3.67e-14 (3.49 £ 0.86)e-14  (2.77 £ 0.44)e-14 <3.51e-14 <3.42¢-14 (6.26 £ 0.94)e-14
61 <3.43¢-14 G G <3.28¢-14 <3.06¢-14 <7.14c-14

62 <4.80e-14 <4.38¢-14 (3.79 + 1.41)e-15 G <4.45¢-14 (3.15 £ 1.92)e-15
63 <4.68e-14 <4.87c-14 (7.29 + 3.00)c-15 <4.53e-14 <4.47e-14 (9.63 + 3.99)c-15
64 <4.63¢-14 <4.80e-14 (1.55 + 0.47)e-14 <4.48¢-14 <4.62¢-14 G

65 N N (1.84 £ 0.45)e — 14 N N (1.82 £ 0.52)e-14
66 N N (1.88 = 0.60)c-14 N N <4.27c-14

67  (1.71+0.60)e-14 N (3.31 £ 0.70)e — 14 (2.48 £ 0.71)e-14 N G

68 <4.49¢-14 G (2.54 + 0.60)c-14 (3.19 £ 0.87)c-14 G (1.65 £ 0.44)c-14
69 N N G N N G

70 N N (2.03 + 0.60)c-14 N N (1.53 £ 0.43)c-14

GLIT

G: Source is located on a gap or damage pixel(s).
N: Source is located outside the FOV.
<: Upper limit for the flux flux of the source. In this case the source is located in the FOV but was not detected by the camera.
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Table 12.3: 0.2-4.5 keV flux of sources detected in OBS 3 and 4 for all EPIC — continued of Table 12.2

D OBS3 OBS4

D MOS1 MOS2 PN MOS1 MOS2 PN

1 G <3.93e-14 <4.84e-14 G <6.72e-14 <8.18e-14

2 <4.67c-14 <4.43c-14 <9.15¢-14 <6.60c-14 <6.92¢-14 <1.05¢-13

3 <4.21e-14 <3.79e-14 <3.35e-14 G < 6.44¢-14 <8.92e-14

4 <4.27e-14 <3.7le-14 <3.49¢-14 <5.76¢-14 <6.17c-14 <9.21e-14

5 <4.04¢-14 <3.50e-14 <3.31e-14 <5.42¢-14 <5.91e-14 <8.63e-14

6 G (7.15 + 1.22)e — 14 (7.46 + 3.42)e-14 (8.36 + 1.53)e-14 <6.83¢-14 (6.87 & 7.54)e-14
7 (2.90 + 0.80)c-14 (5.28 + 1.25)c-14 N 7 <6.06¢-14 (5.60 + 1.66)c-14 N

8 N <4.31e-14 (1.09 & 1.80)e-14 N (2.93 4+ 0.85)e-14  (4.10 & 4.07)e-14
9 G <3.18¢-14 <2.72¢-14 <4.19¢-14 <5.45¢-14 <7.49¢-14

10 N (5.19 & 0.93)e-14 (5.03 £ 2.93)e-14 N <5.65¢-14 <8.4le-14

11 N <4.07e-14 <3.60c-14 N <6.30c-14 <9.41e-14

12 G (5.27 £ 1.04)e-14 (4.38 £ 2.15)e — 14 (3.56 + 0.98)e-14 <5.63e-14 (4.22 + 7.13)e-14
13 <3.65¢-14 <2.96¢-14 <2.40e-14 <3.93¢-14 <4.64e-14 <6.20¢-14

14 N 4.57 £ 0.82)c-14 (2.33 £ 1.57)c-14 N G

15 N (3.09 & 0.89)e — 14 (2.62 £ 3.03)e-14 N <6.91e-14 (1.72 4 8.92)e-14
16 N <3.06c-14 <3.99¢-14 N <6.32c-14 <7.65¢-14

17 <3.33¢-14 <3.60e-14 (6.93 + 1.57)e-15 <4.07e-14 <5.84e-14 <6.68¢-14

18 N (1.97 4 0.72)e-14 N N <7.86c-14 N

19 N <3.05e-14 <2.63¢-14 N G <9.45¢-14

20 (1.40 £0.12)e-13 G G (1.33+0.13)e-13  (1.31 £ 0.15)e-13 <6.26¢-14

21 N <3.00e-14 <5.47c-14 N G <7.04c-14

22 N (2.09 + 0.63)e-14 (1.82 4 1.81)e-14 N <5.43e-14 (2.47 £ 2.37)e-14
23 <2.55¢-14 <2.45¢-14 (1.03 £ 0.48)c-14 (1.43 + 0.47)c-14 <3.84c-14 G

24 (3.62£0.78)e-14  (3.15+0.68)e-14 6.88¢-15  (4.39 + 1.94)e-14 (3.01 +£0.81)e-14  (2.97 + 0.91)e — 14 <6.53¢-14

25 <3.99¢-14 <4.38¢-14 (1.71 £ 1.34)c-14 <5.21c-14 <7.63c-14 <8.84c-14

26 N <3.68e-14 G N (2.84 + 1.10)e — 14 1.02e-13

27 G (1.81 4 0.42)e-14 (9.51 + 5.20)c-15 <3.49¢-14 <4.08e-14 (1.11 + 2.59)e-14
28 < 2.26e-14 <2.3le-14 <1.8le-14 <2.72¢-14 <3.63e-14 <5.11e-14

29 <2.43e-14 <2.60e-14 (1.48 4 1.63)e-14 G <4.39e-14 <6.0le-14

30 <2.30e-14 <2.23¢-14 <1.98¢-14 <2.94¢-14 <3.49¢-14 <5.00e-14

31 <2.75¢-14 (9.34 + 3.25)e-15 (4.66 £ 7.87)e-15 <3.73e-14 <3.88e-14 G

32 N G <3.15¢-14 N <5.78¢-14 <7.08¢-14

33 (3.13+£0.66)e-14 (2.40 4 0.52)e-14 (2.69 & 1.05)e-14 (1.444+0.13)e-13  (1.33£0.14)e-13  (2.39 £ 0.37)e-13
34 <5.20e-14 <4.81e-14 <3.96¢-14 N <7.30e-14 <9.15¢-14

35 (7.09+0.21)e-13 (7.61 % 0.23)e-13 (9.23 4 0.19)e-13 (9.01 +0.30)e-13  (9.56 = 0.36)e-13  (1.09 == 0.04)e-12
36 <5.54e-14 <5.09¢-14 (1.13 + 4.97)e-14 N <7.68¢-14 <9.77¢-14

37 <3.0le-14 <2.72-14 <2.51e-14 <3.82¢-14 <4.19¢-14 G

38 <2.59¢-14 <2.43e-14 <2.20e-14 <3.31e-14 <3.79¢-14 <5.70e-14

39 <2.54c-14 <2.42¢-14 (4.82 £ 4.27)c-15 <3.26¢-14 <3.74c-14 <5.66¢-14

40 <2.47e-14 <2.52e-14 (6.70 + 8.29)e-15 <3.21e-14 G <5.67c-14

41 <5.44e-14 <5.54c-14 <4.69e-14 <7.74c-14 <1.06¢-13 G

42 (2.95+0.93)e-14 <4.79e-14 <4.1le-14 <7.0le-14 <8.75e-14 <1.19¢-13

Continued to the next page
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1D OBS3 OBS4

1D MOS1 MOS2 PN MOS1 MOS2 PN

13 (1.20 £ 0.18)e-13 N (337 £0.53)e-13 (5.46 £ 0.42)e-13 __ (5.90 £ 0.62)e-13 G

44 (2.20 + 0.58)e-14 (4.39 +0.90)e-14 (3.79+2.76)e — 14 G G (3.84 +4.60)e-14
45 (246 £0.17)e-13 (2.28 £ 0.16)e-13 (2.40 £ 0.23)e-13 (2.69 £ 0.20)e-13  (2.08£0.22)e-13  (2.32 £ 0.56)e-13
46 <4.78e-14 G (1.70 + 2.14)e-14 <5.59e-14 G <8.04e-14

47 <2.7le-14 <2.81le-14 G <3.55e-14 <3.6le-14 G

48 (2.53 +0.56)e-14 (4.14 £ 0.75)e-14 (3.47+1.91)e-14 G (3.71 £ 0.97)e-14 (3.41 £1.97)e-14
49 G <2.90e-14 (1.10 £ 1.37)e-14 <3.90e-14 <4.49e-14 (1.13 £ 2.33)e-14
50  (6.46 £ 2.02)e-14 N (8.49 + 6.53)e-14 (9.37 +2.46)e-14  (8.20 +2.49)e-14  (9.71 & 11.1)e-14
51 (1.07 +0.11)e-13 (9.85 +1.11)e-14 (1.35+0.24)e-13 (1.33 £ 0.14)e-13 (1.17+0.11)e-13 (1.49 £ 0.55)e-13
52 <5.04e-14 <4.76e-14 (8.72 + 31.3)e-15 <6.27e-14 <8.50e-14 <1.01le-13

53 <4.04e-14 <3.89e-14 <4.66e-14 <5.47e-14 <6.76e-14 <8.99%e-14

54  (1.60 £ 0.57)e — 14 <3.43e-14 (1.07 £ 1.87)e-14 G <5.57e-14 <7.93e-14

55 NO N (3.06 + 5.06)e-14 N N 1.61e-13

56 <3.78e-14 (1.02+0.36)e-14 G <4.87e-14 <5.70e-14 (3.86 £ 1.97)e-14
57 <4.84e-14 <4.05e-14 <7.25e-14 <5.59%-14 <7.03e-14 <9.38e-14

58 <4.14e-14 (1.34 + 0.46)e-14 (7.85+11.7)e-15 <5.43e-14 G <9.74e-14

59 <4.75e-14 G (6.12 + 23.7)e-15 <6.23e-14 <6.78e-14 G

60 <5.41e-14 <4.87e-14 (2.06 + 2.86)e-14 G <8.00e-14 (1.83 = 4.41)e-14
61 <5.10e-14 G G <6.54e-14 <7.68e-14 (7.87 +4.96)e-15
62 <6.21e-14 <5.89e-14 <5.04e-14 <8.29e-14 <1.03e-13 <1.19e-13

63 <6.13e-14 <6.66e-14 < 5.45e-14 N <9.48e-14 <1.51e-13

64 N <6.52e-14 <5.31le-14 N <9.31le-14 <1.47e-13

65 N N G N N <1.58e-13

66 N N <6.14e-14 N N <1.41e-13

67 (2.85+0.83)e — 14 5.97e-14 (2.25+1.03)e — 14 <8.50e-14 <9.89e-14 (4.43 £11.7)e-14
68 <6.19e-14 (2.53 4 0.85)e-14 (2.66 £ 2.85)e-14 <8.75e-14 <9.25e-14 <1.21e-13

69 N N G N N (4.68 + 2.27)e-13
70 N N <5.88e-14 N N N

LLT

G: Source is located on a gap or damage pixel(s).
N: Source is located outside the FOV.
<: Upper limit for the flux flux of the source. In this case the source is located in the FOV but was not detected by the camera.
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Table 12.4: 0.2-4.5 keV flux of sources detected in OBS 5 for all EPIC — continued of Table 12.2

D MOST MOS2 PN

i G <2.83c-14 <2.54c-14

2 <3.09e-14 <2.92e-14 G

3 G <2.72¢-14 (7.99 + 2.38)e-15
4 G <2.6le-14 <2.40e-14

5 (1.82 £ 0.50)e — 14 G (1.22 + 0.23)c-14
6 (431 +0.73)e-14  (4.56 £ 0.77)e-14 (4.37 £ 0.48)e — 14
7 (2.38 +0.61)e-14 N (2.54 + 0.44)e — 14
8 (417 £0.79)e-14  (2.84 £ 0.67)c-14 (3.73 £ 0.52)c-14
9 G <2.33¢-14 <2.01e-14

10 (5.03£0.90)c — 14  (6.25 = 0.89)c-14 (5.96 + 0.69)c-14
11 N <2.65e-14 (7.79 4 2.90)e-15
12 (2.77 £0.60)c-14  (3.27 £ 0.68)c-14 (2.48 + 0.38)c-14
13 G <1.97e-14 G

14 N (5.45 £ 0.76)e-14 (5.02 4+ 0.44)e — 14
15 N (1.65 £ 0.50)e-14 (2.79 + 0.43)e-14
16 N <2.10e-14 (2.24 4 8.96)e-15
17 <2.25¢-14 <2.48¢-14 <2.06¢-14

18 N (2.80 £ 0.60)e-14 N

19 N <2.00e-14 G

20 (1.06 +0.83)e-13  (1.20 £ 0.98)e-13 (8.90 + 0.44)e-14
21 N <1.98e-14 G

22 N <2.27e-14 (1.24 + 0.27)e-14
23 <1.63e-14 (9.00 £ 2.71)e-15 G

24 (2.50 + 0.50)c-14 (2.26 + 0.5)e-14 (2.10 + 0.33)e-14
25 <2.87e-14 <3.26e-14 <2.60e-14

26 N (1.53 £0.44)c-14  (1.92 4 0.30)e-14 3.06¢-15
27 1.84e-14 G (8.92 + 1.62)e-15
28 <1.47¢-14 <1.53¢-14 (4.59 + 1.45)e-15
29 G <1.79e-14 (4.50 + 1.28)e-15
30 <1.48e-14 <1.46e-14 <1.44e-14

31 <1.74e-14 <1.62e-14 (2.70 4 0.95)e-15
32 N <2.38¢-14 <2.65¢-14

33 (8.48 + 2.62)e-15 (1.13 £ 0.28)c-14 (4.94 + 2.25)e-15
34 N <2.97e-14 <2.70e-14

35 (1.31 £0.02)e-12  (1.16 £ 0.02)e — 12 (1.39 + 0.01)e-12
36 N <3.13¢-14 (2.96 + 0.47)e-14
37 <1.89¢-14 <1.74e-14 <1.73¢-14

38 <1.65¢-14 <1.57e-14 (7.18 £ 2.07)e-15
39 <1.64e-14 (7.57 £ 2.21)e — 15 (7.21 £ 1.91)e-15
40 <1.62¢-14 (1.11 £ 0.35)e-14 G

41 <3.74e-14 <4.07e-14 (1.18 + 0.40)e-14
42 <3.44c-14 <3.74c-14 G

43 (5.90 + 0.33)e-13 G N

44 (3.81 £0.64)c-14  (3.39 £ 0.50)c-14 (3.54 + 0.36)c-14
45 (1.65 4+ 0.10)e-13 G (1.46 4+ 0.05)e-13
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D MOST MOS2 PN

16 <2.96¢-14 <2.72e-14 <4.52¢-14

a7 <1.83e-14 <1.86e-14 (7.23 + 2.08)e-15
48 (2.25 4 0.46)e-14 (2.42 4 0.50)e-14 (2.73 4+ 0.42)e-14
49 (9.96 + 3.27)e-15 (1.42 4 0.36)e-14 1.04 £ 0,22)e-14
50 (1.15 £ 0.17)e-13 (1.30 4 0.16)e-13 (1.01 % 0.09)e-13
51 (1.04 +0.09)e-13  (1.07 £ 0.10)e — 13 (1.01 # 0.07)e-13
52 <3.44e-14 <3.38e-14 <5.07e-14

53 <2.90e-14 <2.75e-14 <2.39e-14

54 <2.33e-14 <2.29e-14 (7.77 £ 1.91)e-15
55 N N (2.76 4 0.60)e-14
56 <2.43e-14 <2.35e-14 G

57 <3.00e-14 <2.89%e-14 (6.60 & 2.16)e-15
58 <2.72e-14 <2.69e-14 <2.39e-14

59 N N N

60 <3.68e-14 <3.29e-14 (1.15 4 0.31)e-14
61 <3.30e-14 <3.18e-14 G

62 <4.42e-14 <4.26e-14 <3.45e-14

63 N N <3.98e-14

64 <4.73e-14 <4.79e-14 (2.38 4 0.68)e — 14
65 N N G

66 N N <4.21e-14

67 <4.24e-14 G (2.89 & 0.49)e-14
68 (3.26 £ 1.01)c-14 N (2.11 £ 0.47)c-14
69N N (1.64 % 0.04)e-12

70 N N (2.23 4 0.55)e-14

G: Source is located on a gap or damage pixel(s).
N: Source is located outside the FOV.
<: Upper limit for the flux flux of the source. In this case the source is located in the FOV but was not detected by the camera.
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Table 12.5: The extinction in the direction of the Draco dSph in different optical
and inferred bands

Filter name ' Eff-A? A/E(B-V)? A¢(mag)?

CTIO U 0.3734 4.107 0.113
CTIO B 0.4309 3.641 0.101
CTIO V 0.5517 2.682 0.074
CTIO R 0.6520 2.119 0.059
CTIO 1 0.8007 1.516 0.042
DSS-1I g 0.4621 3.381 0.093
DSS-II r 0.6546 2.088 0.058
DSS-IT i 0.8111 1.487 0.041
SDSS u 0.3587 4.239 0.117
SDSS g 0.4717 3.303 0.091
SDSS r 0.6165 2.285 0.063
SDSS i 0.7476 1.698 0.047
SDSS z 0.8923 1.263 0.035
UKIRT J 1.248 0.709 0.020
UKIRT H 1.659 0.449 0.012
UKIRT K 2.190 0.302 0.008
2MASS J 1.23 0.723 0.020
2MASS H 1.64 0.460 0.013
2MASS Ks 2.16 0.310 0.009
IRAC-1 3.52 0.178 0.005
IRAC-2 4.46 0.148 0.004
IRAC-3 5.66 0.130 0.004
IRAC-4 7.68 0.122 0.003
WISE-1 3.32 0.189 0.005
WISE-2 4.57 0.146 0.004

1: The name of filter of different optical and infrared surveys.

2: Eff-) is the effective wavelength of the filter as defined in ( ).
3: A/E(B-V) is the ratio of band extinction to reddening.
4: A is the band extinction in magnitudes.Extinction law is from ( ) and from

(2005) for IRAC, WISE.

Reference: This table was extract from online data, available on IPAC infrared since archive:
http://irsa.ipac.caltech.edu/
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Table 12.6: List of optical counterparts from the SDSS9 catalogue.

ID Class SDSS9 ID g (mag) r (mag) i (mag) logio( Fl;; )
1 - - - - _

2 - - - - ,

3 J171850.164-575453.0  21.744+ 0.09 20.86 + 0.06 21.11 +£0.14 -0.03 £ 0.21
4 GLX J171856.97+575102.5 18.10 &+ 0.01 16.96 + 0.01 16.52 + 0.01 -1.75 £ 0.64
5 GLX J171900.84+575147.0 20.27 +£ 0.02 19.57 £ 0.01 19.18 £ 0.02 -0.21 £+ 0.20
6 AGN J171901.68+580028.9 18.79 £ 0.01 18.67 £ 0.01 18.68 + 0.01 -0.17 + 0.04
7 AGN J171904.16+580329.3 20.35 +£ 0.02 20.33 £0.02 20.29 £ 0.04 0.07 £ 0.12
8 GLX J171904.62+4-574728.1  20.49 £ 0.02 19.55 + 0.02 19.12 £ 0.02 0.18 £ 0.09
9 - - - - -

10 GLX J171910.45+574948.0 18.96 + 0.01 18.00 £ 0.01 17.45 £ 0.01 0.07 £+ 0.03
11 J171910.90+574718.1  23.71 £0.2  22.00 &£ 0.10 21.67 &+ 0.12  0.71 £ 0.58
12 AGN (r) - - - - -

13 AGN (1) J171919.934-575401.3 15.94 £ 0.00 15.11 + 0.01 14.68 £ 0.01 -2.15 + 0.17
14 XRB-CAN J171921.82+4574943.7 22.76 +£ 0.13 22.48 + 0.15 21.68 £ 0.12 1.26 £+ 0.04
15 - - - - -

16 FG J171925.97+575020.1 14.74 £ 0.01 14.52 + 0.01 12.38 &+ 0.01 -3.21 £ 0.27
17 J171925.68+580100.3 19.39 £ 0.01 18.67 £ 0.01 18.37 + 0.01 -0.79 + 0.37
18 | AGN-CAN J171928.00+574313.3 20.85 + 0.03 20.76 £ 0.04 20.42 £0.04 0.33 £0.18
19 - - - - -

20 AGN J171934.41+575849.6 19.34 + 0.01 19.27 + 0.01 19.02 + 0.01  0.29 £ 0.02
21 H - - - - -

22 J171936.97+574659.0 22.84 +£ 0.14 21.84 £ 0.09 21.35 £0.09 0.80 + 0.10
23 J171945.41+575257.3  22.93 £ 0.18 21.47 £ 0.06 21.56 = 0.11  0.63 £ 0.07
24 XRB-CAN  J171954.02+575951.3 22.96 + 0.20 22.27 + 0.15 21.88 + 0.16 1.52 £+ 0.02
25 H - - - - -

26 - - - - -

27 SYM J171957.64-+575005.7 17.75 £ 0.01  16.47 +£ 0.01 16.19 + 0.01 -1.51 + 0.10
28 H - - - - -

29 - - - - -

30 H J172010.50+575404.9 22.45 + 0.13 23.05 + 0.29 23.04 + 046 0.22 £ 0.17
31 BS-CAN J172013.37+575051.9 18.61 +£ 0.01 17.74 + 0.01 17.38 & 0.01 -1.02 + 0.13
32 J172015.25+-574604.7 22.28 + 0.10 21.94 + 0.10 21.77 £ 0.14 0.12 £ 0.44
33 BS-CAN J172018.014-575105.5 19.48 £ 0.01 17.98 + 0.01 16.84 £ 0.01 -0.74 + 0.08
34 | AGN-CAN J172021.04+574401.4 21.56 £ 0.05 21.17 +0.05 20.87 £ 0.06 0.72 + 0.13
35 FG J172021.83+4-575827.3 12.80 £ 0.01 12.79+ 0.01 11.81 £0.01 -1.52 £ 0.01
36 AGN-CAN J172021.63+574327.0 21.34 +£0.04 21.14 + 0.04 20.8+ 0.06 0.37 £ 0.11
37 H J172023.92+575009.9 24.27 4+ 0.48 24.50+ 0.62 24.19 + 0.70 1.16 = 0.24
38 H - - - - -

39 FG J172025.65+-575304.4 11.82 £ 0.01 14.19 + 0.01 11.34 £ 0.01 -4.07 £+ 0.14
40 - - - - -

41 GLX-CAN J172033.09+580714.9 22.60 + 0.16 21.80 £ 0.11 20.91 + 0.08 1.22 4+ 0.25
42 GLX-CAN J172033.71+580612.6 24.12 4+ 0.57 22.26 + 0.17 21.66+ 0.16  1.74 4+ 0.20
43 AGN J172033.61+580829.7 17.33 £ 0.01 16.66 £ 0.01 16.24+ 0.01  0.12 £ 0.01
44 AGN J172037.134+-574856.3 19.32 £ 0.01 18.64 + 0.01 18.27 £0.01 0.12 £ 0.03
45 FG J172037.64+-580211.9 11.39 £ 0.01 13.95 + 0.01 12.98 £ 0.01 -2.67 £ 0.01
46 - - - - -

Continued on the next page
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ID Class SDSS9 ID g (mag) r (mag) i (mag) log1o( Ff’;t)
47 H - - - - -

48 | AGN-CAN J172043.09+575443.2 20.92 + 0.03 20.44 + 0.03 20.21 £ 0.03 0.57 + 0.03
49 H - - - - -

50 AGN-CAN J172051.91+574159.7 19.84 + 0.01 19.89 + 0.02 19.72+ 0.02  0.62 £+ 0.04
51 AGN (1) J172052.30+575513.4  20.284+ 0.02 19.99 + 0.02 19.95 + 0.03 0.77 £+ 0.01
52 - - - - -

53 GLX-CAN J172056.48+574739.6 24.23 + 0.58 22.35 + 0.18 21.14+ 0.10  1.31 4+ 0.09
54 AGN-CAN J172100.52+575152.9 21.44 + 0.05 21.51 £+ 0.07 21.52 +£0.15 0.10 £ 0.15
55 | AGN-CAN J172104.23+574106.2 20.58 £ 0.02  20.73+ 0.03  20.56 = 0.05 0.40 + 0.13
56 J172104.754-575335.1 1597 £ 0.01 15.30 = 0.01 15.03 £ 0.01 -2.13 + 0.23
57" J172112.06+575002.0  20.58 £+ 0.03  20.884+ 0.04 22.80 + 0.35 -0.03 + 0.22
58 H - - - - -

59 FG J172116.97+580113.6 11.66 = 0.01 13.67 = 0.01  14.55+ 0.01 -4.04 + 0.65
60 AGN J172122.814-575029.6 18.04 £ 0.01 18.01 £ 0.01 17.81 £ 0.01 -0.59 + 0.09
61 J172124.614-575253.6  20.35 £ 0.02 19.99 + 0.02 19.87 £0.02 0.21 £ 0.42
62 - - - - -

63 - - - - -

64 XRB-CAN  J172139.48+580145.1 23.73 +0.30 23.16 + 0.29 22.20 +0.21 1.32 + 0.30
65 XRB-CAN - - - - -

66 GLX-CAN J172141.18+574555.6  23.12 £0.23  22.43 + 0.18 22,52 +0.33  0.89 4+ 0.74
67 | AGN-CAN J172141.43+575235.5 21.53 + 0.05 21.12 +£0.06 20.69 + 0.05 0.51 4+ 0.11
68 AGN J172148.27+575805.3  20.19 £ 0.01  20.09 4+ 0.02 19.73 + 0.02 0.03 £ 0.15
69 FG J172158.29+-574922.5 11.21 £ 0.01 13.03 &= 0.01  10.1 + 0.01  -1.88 + 0.02
70 AGN J172211.64+4-575652.1  20.50 £ 0.02  20.37+ 0.03  20.144+ 0.03  0.27 £ 0.18

ID : ID of XMM-Newton source.
SDSS9 ID : ID of the optical source according to the SDSS9 catalogue.
Source class : Source class is the same as Table 7.3.
g, T, © :Apparent magnitudes of the counterparts in different optical energy bands of SDSS9.

The extinction was applied for the magnitude according to

*: For source No 57 the data is taken from SDSS7 (see Sect. 5.4.4).
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Table 12.7: Catalogue of optical counterparts of the INT catalogue

ID Catalogue-ID RA(J2000) Dec(J2000) I (mag) V (mag)

1 138035 17 18 46.75 457 54 46.9 24.31 £ 0.17 22.99 4+ 0.11
2 137758 17 18 46.29 +57 54 44.0 23.73 £ 0.10 -

3 138603 17 18 50.15 457 54 53.0 22.37 & 0.03 21.92 £ 0.04
4 118407 17 18 56.96  +57 51 02.3 18.56 & 0.01 17.68 + 0.01
5 122064 1719 00.84 +57 51 46.8 19.95 + 0.01 19.23 4+ 0.01
6 168047 1719 01.70 +58 00 28.9 19.16 £ 0.01 19.03 &+ 0.01
7 180217 1719 04.20 +58 03 29.2 20.48 &+ 0.01 20.47 £+ 0.01
8 102889 1719 04.64 45747 28.2 20.44 &£ 0.01 19.55 & 0.01
9 143841 1719 06.79 +575547.2 24.29 +0.16 23.61 £ 0.19
10 112873 17 19 10.47 45749 47.7 19.21 £ 0.01 18.20 4+ 0.01
11 102318 1719 12.16 +57 47 20.1 22.29 + 0.03 21.85 £+ 0.04
13 133969 1719 19.91 45754 00.6 18.45 + 0.01 17.27 & 0.01
14 112603 1719 21.83 45749 43.6 22.50 & 0.04 21.57 & 0.03
15 92419 17 19 24.89 45744 52,5 22.06 £ 0.02 21.14 + 0.02
16 115210 1719 25.92 +57 50 19.8 15.93 + 0.01 15.66 + 0.01
18 86525 1719 28.04 +574313.4 21.07£ 0.01 20.55 + 0.01
19 112040 17 19 29.66 +57 49 35.6 21.86 £ 0.02 22.93 + 0.10
20 159900 1719 34.43 45758 49.6 19.42 +£0.01 19.10 &+ 0.01
21 109850 17 19 36.65 45749 00.2 24.60 & 0.21 23.77 £ 0.22
22 100830 1719 37.02 45746 59.1 22.15 & 0.03 21.37 & 0.03
23 128300 17 19 45.45 45752 57.2 21.98 £ 0.02 21.29 4+ 0.02
24 165057 17 19 54.05 +575951.1 22.69 &+ 0.04 21.68 £+ 0.03
27 114149 1719 57.66 +57 50 05.7 17.28 £ 0.01 16.57 &= 0.01
28 143800 17 20 02.54 457 55 46.8 22.99 4+ 0.05 23.84 £ 0.22
29 157635 17 20 08.50 457 58 20.5 22.84 4+ 0.05 22.38 &+ 0.06
30 134301 17 20 10.55 457 54 05.1 22.47 £ 0.03 22.54 + 0.07
31 117617 17 20 13.40 +575051.9 18.10 &£ 0.01 17.41 £+ 0.01
32 97170 17 20 15.30 457 46 04.8 22.12 &£ 0.03 21.71 £ 0.03
33 118675 1720 18.05 +57 51 05.6 18.66 & 0.01 16.97 & 0.01
34 89447 17 20 21.08 +5744 01.5 21.18 &+ 0.01 20.78 £+ 0.02
36 87344 17 20 21.68 +57 43 27.1 21.00 & 0.01 20.68 & 0.02
37 114557 17 20 24.01  +57 50 11.5 23.82 £+ 0.11 -

38 127370 17 20 25.92 457 52 46.9 - 21.90 £+ 0.04
40 147406 17 20 28.60 +57 56 24.9 23.55 & 0.09 23.16 + 0.13
41 194897 17 20 33.14 +58 07 15.0 22.25 £ 0.03 21.10 & 0.02
42 190976 17 20 33.77 458 06 12.5 23.17 & 0.06 21.60 & 0.03
43 199382 17 20 33.69 +58 08 29.5 18.06 £ 0.01 17.28 4+ 0.01
44 109521 17 20 37.18 +57 48 56.5 19.49 + 0.01 18.79 £+ 0.01
47 149827 17 20 39.14 457 56 51.2 23.65 & 0.09 23.70 £+ 0.20
48 137694 17 20 43.10 457 54 43.4 20.84 4+ 0.01 20.46 &+ 0.02
49 130626 17 20 47.15 45753 23.1 23.77 £ 0.10 22.88 &+ 0.09
50 82425 17 20 51.96 +574159.9 19.96 £ 0.01 19.71 £ 0.01
51 140628 17 20 52.32 +575513.5 19.91 &£ 0.01 19.87 £+ 0.01
52 185592 17 20 52.56 458 04 51.3 23.17£ 0.06 22.53 4+ 0.01
53 103674 17 20 56.46 457 47 39.9 23.10 4+ 0.05 21.26% 0.02
54 122627 17 21 00.55 +575153.1 21.18 = 0.01 21.19 £+ 0.02

Continued in the next page
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ID Catalogue-ID RA(J2000) Dec(J2000) I (mag) V (mag)
95 79410 1721 04.27 +574106.4 21.10 &+ 0.01 20.65 + 0.02
56 131756 1721 04.76 45753 35.2 16.22 £ 0.01 15.94 + 0.01
57 113881 1721 12.10 45750 02.2 20.94 £+ 0.01 -

58 146787 1721 13.08 45756 18.2 23.25 £0.06 23.88 + 0.23
60 115947 17212284 +4575029.8 18.22 £0.01 17.92 + 0.01
61 127975 1721 24.63 +575253.8 20.17 £0.01 19.84 £ 0.01
63 178117 1721 35.89 +580257.1 2391 £0.12 2299 £0.11
64 173256 1721 39.52 45801449 23.64 £0.09 22.13 + 0.05
67 126303 1721 41.45 45752 35.7 21.52 £0.01 20.87 £ 0.02
68 156404 17 21 48.28 45758 05.6 20.24 £0.01 19.75 + 0.02
70 149930 1722 11.67 457 56 52.3 20.60 £ 0.01 20.18 + 0.01

ID : The ID of XMM-Newton source.
RA, Dec : The position of the optical source.
catalogue ID : The ID of the optical source in the INT catalogue.
1,V : Magnitudes of the counterpart in different optical energy bands of the INT. The
extinction was applied for the magnitudes according to Table 12.5.
*: In some energy bands the magnitude has been not reported in the optical catalogue.
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Table 12.8: Catalogue of optical counterpart of the MegaCam catalogue

ID  Cataloge-ID  RA(J2000) Dec (J2000) g (mag) r (mag) i (mag)

1 617733 17 18 46.28 +57 54 43.6 23.86 £ 0.04  23.83 £ 0.08 23.78 £ 0.11
2 571040 17 18 48.27 +5750 15.6 23.88 £+ 0.04 - -

3 619624 17 18 50.15  +57 54 52.7 22.32 £+ 0.01 22.02 £+ 0.02 21.78 £+ 0.02
4 578735 1718 56.97 +5751 024 19.22 +£0.01  18.30 £ 0.01 17.79 £ 0.01
) 586523 1719 00.85 +57 51 46.9 20.38 £ 0.01 19.74 £ 0.01 19.29 £+ 0.01
6 692999 1719 01.71 +58 00 28.8 19.47 + 0.01 19.38 £ 0.01 19.26 £ 0.01
7 720529 1719 04.19 +58 03 29.2 20.69 + 0.01 20.71 £ 0.01 20.64 + 0.01
8 544220 1719 04.62 +574728.1 20.73 £ 0.01 20.04 £ 0.01 19.63 £ 0.01
9 631655 1719 06.78 +575547.3 24.57 £ 0.07 23.89 £0.09  23.40 £+ 0.08
10 566425 1719 10.47 45749478 19.80 £ 0.01 18.98 £0.01 18.38 £ 0.01
11 542974 1719 12.13  +574719.9 22.53 + 0.01 22.23 £ 0.02 21.95 £ 0.02
12 683999 17 19 19.63 +57 59 41.8 24.06 £ 0.05 - 23.37 £ 0.065
13 609607 1719 19.92 +57 54 00.7 19.09 £ 0.01  18.14 £+ 0.01 17.44 + 0.01
14 565744 1719 21.82 +57 49 43.6 23.06 + 0.02 22.56 + 0.03 21.95 + 0.02
15 929878 1719 24.84 +574452.1 22.20 £ 0.01 21.77 £ 0.02 21.13 £ 0.01
16 571741 1719 25.99 +57 50 19.7 13.24 + 0.01 12.62 + 0.01 -

17 698097 1719 25.69 +58 01 00.1 19.30 + 0.01 18.70 £ 0.01 18.35 £ 0.01
18 517936 17192799 +5743 13.1 21.72 £ 0.01 21.42 + 0.01 21.11 £ 0.01
19 564460 171929.61 +5749354 2320+ 0.02 23.48 £0.06  22.98 £+ 0.05
20 672692 1719 3443 +57 58 49.4 19.27 £ 0.01 19.25 £ 0.01 19.02 £ 0.01
21 958833 1719 36.62 +57 49 00.0 23.82 £+ 0.03 23.28 £ 0.05 22.94 + 0.05
22 539738 1719 36.99 +57 46 58.9 22.55 + 0.02 22.10 £ 0.02 21.44 + 0.02
23 598631 1719 4543 +575257.0 22.54 £ 0.02 21.35 £ 0.01 21.14 £ 0.01
24 685825 1719 54.04 +57 59 50.9 23.18 + 0.02 22.28 + 0.02 21.74 £ 0.02
25 737221 1719 56.35 +58 05 26.0 25.29 £ 0.14 - 24.49 £ 0.174
27 569394 1719 57.64 +57 50 05.5 17.78 £ 0.01 16.61 = 0.01 16.24 £+ 0.01
28 631508 17 20 02.53 +57 55 46.6 23.40 + 0.03 22.90 + 0.04 22.82 + 0.04
29 666428 17 20 08.48 +57 58 20.2 23.05 + 0.02  22.89 £ 0.04  22.53 £+ 0.03
30 610274 17 20 10.54 +57 54 04.8  22.53 £ 0.02 22.57 £ 0.03 22.62 + 0.04
31 576943 1720 13.37  +57 50 51.8 1848 £0.01  17.75 + 0.01 17.36 £ 0.01
33 579292 1720 18.01 +57 51 05.5 19.26 £0.01  18.03 + 0.01 16.76 £ 0.01
34 524268 1720 21.04 +574401.2 21.26 + 0.01 21.01 £ 0.01 20.76 + 0.01
36 519804 1720 21.63 +57 43 26.9 20.80 + 0.01 20.85 £ 0.01 20.61 £ 0.01
37 570322 1720 23.97 +575011.2 23.99 £0.05 23.80 £ 0.08  23.66 = 0.10
39 600121 1720 25.64 +57 53 06.0 13.20 £ 0.01  12.68 £ 0.01 -

40 640008 17 20 28.36  +57 56 22.9 24.78 £0.09  23.63 £ 0.06  22.91 £+ 0.04
41 752594 1720 33.12 +58 07 14.8 22.27 £ 0.01 21.75 £ 0.01 21.16 + 0.01
42 743824 1720 33.73 +58 06 12.3 23.97 £ 0.04 22.56 £ 0.03 21.75 + 0.02
43 762716 17 20 33.62 +58 08 29.7 1840 £ 0.01  18.14 + 0.01 17.74 + 0.01
44 558186 1720 37.14 +5748 56.1 19.94 + 0.01 19.45 £ 0.01 19.01 £ 0.01
47 645311 1720 39.99 +5756 459 24.37 £ 0.06 23.38 £0.06  23.16 £+ 0.06
48 617599 1720 43.08 +57 54 43.0 20.74 £ 0.01 20.35 £ 0.01 20.13 £ 0.01
49 603002 17 20 47.27 +57 53 20.6 23.72 £ 0.04  23.06 £ 0.04 22.83 £ 0.05
50 508553 1720 51.92 +574159.6 19.96 + 0.01 19.91 £+ 0.01 19.85 £ 0.01
51 624168 17 20 52.30  +57 55 13.2 19.34 £+ 0.01 19.24 £ 0.01 19.29 £ 0.01
52 732143 1720 52.53 +58 04 51.1 23.73 £0.04  23.80 £ 0.07 23.22 + 0.06
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ID Catalogue-ID RA(J2000) Dec(J2000) g(mag) r(mag) i(mag)

593 545924 17 20 56.43 457 47 39.5 23.62 £ 0.03  22.68 £+ 0.03 21.46 + 0.02
54 587506 1721 00.53 +57 51 52.8 21.20 + 0.01 21.22 4+ 0.01 21.12 £ 0.01
56 605038 1721 04.75 +5753 349 15.92 4+ 0.01 15.34 £ 0.01 14.94 £ 0.01
57 568743 17 21 12.07 45750 01.9 20.48 + 0.01 20.31 + 0.01 20.36 £+ 0.01
58 638058 1721 12,99 457 56 14.8 24.69 + 0.08 24.09 £+ 0.09 24.019 £ 0.11
99 701528 17 21 16.34 +58 01 20.0 - 21.557 £ 0.012 -

60 573308 17212281 +575029.4 18.18 £ 0.01 18.17 £ 0.01 17.94 + 0.01
61 598030 17 21 24.61 +57 52 53.5 20.33 &+ 0.01 20.07 + 0.01 19.86 + 0.01
62 540753 1721 29.61 +57 47 05.3 25.48 £ 0.15 - -

63 715961 17 21 35.88 45802 57.1 23.89 £ 0.04  23.67 = 0.07 23.46 £+ 0.07
64 705529 17 21 39.49 458 01 44.8 24.38 + 0.06 23.23 + 0.05 22.27 £ 0.03
65 714330 17 21 40.69 +58 02 45.2 25.37 £0.14 24.22 + 0.1 24.13 £ 0.13
67 594813 1721 41.43 +575235.5 22.37 4+ 0.01 21.87 4+ 0.02 21.29 £ 0.01
68 663249 17 21 48.27 457 58 05.4  20.49 + 0.01 20.33 + 0.01 19.98 £ 0.01
69 562354 17 21 58.30 45749 224 13.04 £+ 0.01 12.44 £ 0.01 12.90 £ 0.01
70 646728 17 22 11.63 457 56 52.0 20.92 + 0.01 20.73 £ 0.01 20.37 £ 0.01

ID : The ID of XMM-Newton source.

RA, Dec : The position of the optical source.
catalogue ID : The ID of the optical source in the MegaCam catalogue.
g,7,1 : Magnitudes of the counterpart in different optical energy bands of the MegaCam. The

extinction was applied for the magnitudes according to Table 12.5.

*: In some energy bands the magnitude has been not reported in the optical catalogue.
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Table 12.9: Catalogue of infrared counterparts of the WISE(2012) catalogue

ID RA(J2000) Dec(J2000) W1 W2 W3 W4
(Degree)  (Degree) (mag) (mag) (mag) (mag)

2 17 18 46.76  +57 54 45.8 16.65 £ 0.07 15.27 £ 0.07 12.75 £ 0.34 9.25 £+ 0.01
3 17 18 48.37  +57 50 13.7 18.45 £+ 0.36 16.35 £+ 0.19 13.284+0.01 9.61 £+ 0.01
4 17 18 56.99 +57 51 02.3 13.89 £ 0.02 13.71 £+ 0.03 13.13 £ 0.45 9.57 £+ 0.01
5 17 19 00.85 +57 51 46.7 16.34 + 0.06 16.05 £+ 0.14 12.58 + 0.01 9.08 £+ 0.01
6 17 19 01.70  +58 00 28.9 15.22 £+ 0.03 14.24 £+ 0.04 11.10 £ 0.07 8.54 + 0.21
7 17 19 04.22 +58 03 29.7 16.06 + 0.05 15.01 £+ 0.06 12.524+ 0.28 9.43 £+ 0.53
8 17 19 04.64  +57 47 28.1 15.90 £+ 0.04 15.25 £+ 0.07 12.22 +£ 0.21 8.81 £+ 0.01
9 17 19 06.75 +57 55 47.5 17.61 £+ 0.17 17.15 £+ 0.42 12.53 £ 0.01 9.56 £+ 0.01
10 17 19 10.46  +57 49 47.8 13.90 £ 0.02 13.40 £+ 0.02 9.73 £+ 0.03 8.18 £ 0.15
12 17 19 19.96 +57 59 42.9 15.48 £+ 0.03 15.03 £+ 0.06 12.46+ 0.25 9.07 £ 0.33
13 17 19 20.01 +57 54 00.9 11.90 £ 0.02 11.69 £ 0.02 7.95 + 0.02 5.66 =+ 0.03
14 17 19 21.78  +57 49 44.1 16.61 £+ 0.07 15.68 £+ 0.10 12.81 £+ 0.01 9.62 + 0.52
16 17 19 25.99 +57 50 19.9 10.57 £ 0.02 10.63 £ 0.02 10.584+ 0.05 9.06 £+ 0.01
17 17 19 25.69 +58 01 00.4 16.82 £+ 0.08 16.78 £+ 0.27 13.30 £+ 0.01 9.53 £+ 0.01
18 17 19 28.05 +57 43 13.3 17.69 £+ 0.17 16.37 £+ 0.19 12.87 £ 0.01 9.37 £ 0.44
20 17 19 34.42 +57 58 49.6 14.44 £+ 0.03 13.54 £+ 0.03 10.84+ 0.06 9.10 £+ 0.39
23 17 19 45.40 +57 52 57.3 16.88 £+ 0.09 16.67 £+ 0.25 13.18 £+ 0.01 9.63 £+ 0.01
26 17 19 57.10 457 46 16.4 16.66 £ 0.08 15.90 £+ 0.13 12.814+0.01 9.57 £ 0.01
27 17 19 57.66  +57 50 05.5 13.25 £+ 0.02 13.26 £+ 0.02 12.68+ 0.31 9.67 £+ 0.01
28 17 20 02.55 +57 55 44.4 17.01 £+ 0.10 16.13 £+ 0.15 12.84 + 0.31 8.88 £+ 0.01
31 17 20 13.37 +57 50 51.7 15.34 £ 0.03 15.55 £+ 0.09 13.10 £+ 0.01 9.51 £+ 0.01
33 17 20 18.03 +57 51 05.5 13.90 £ 0.02 13.74 £+ 0.03 12.55 £+ 0.01 9.482 + 0.01
34 17 20 21.06 457 44 01.6 16.09 £+ 0.05 15.44 £+ 0.091 12.66 £+ 0.01 8.98 + 0.01
35 17 20 21.98  +57 58 26.5 7.39 + 0.02 7.40 4+ 0.02 7.38 £ 0.016 7.31 £ 0.077
36 17 20 21.66  +57 43 27.5 17.19 £+ 0.11 15.81 £ 0.11 13.18 £+ 0.49 9.59 £+ 0.01
37 17 20 23.42 +57 50 07.7 17.28 £+ 0.12 16.70 £+ 0.25 13.26 £+ 0.01 9.55 £+ 0.01
39 17 20 25.65 +57 53 04.5 10.16 £ 0.02 10.18 £ 0.02 10.21 £+ 0.04 8.92 + 0.01
41 17 20 33.09 +58 07 15.3 16.78 £+ 0.08 17.18 £+ 0.41 12.73 £ 0.33 9.24 + 0.01
42 17 20 32.83 458 06 13.3 17.41 £+ 0.14 16.05 £+ 0.14 13.30 £+ 0.01 9.53 £+ 0.01
43 17 20 33.64  +58 08 29.5 12.87 £+ 0.02 12.17 £+ 0.02 9.50 + 0.02 6.68 + 0.050
44 17 20 37.16  +57 48 56.3 13.98 £ 0.02 12.74 £+ 0.02 10.01 £ 0.03 7.99 + 0.13
45 17 20 37.68  +58 02 12.0 7.67 + 0.02 7.77 &+ 0.02 7.65 + 0.02 7.67 + 0.09
48 17 20 43.18 +57 54 43.6 16.35 £+ 0.06 15.24 £+ 0.07 12.75 £+ 0.33 9.43 £+ 0.01
49 17 20 47.38 457 53 22.5 16.92 £+ 0.09 15.91 £+ 0.13 12.72 £+ 0.32 9.18 £+ 0.01
50 17 20 51.95 +57 41 59.6 15.46 £+ 0.04 14.46 £+ 0.04 11.91 £ 0.16 9.62 £+ 0.51
51 17 20 52.34  +57 55 12.2 15.27 £+ 0.03 14.45 £+ 0.04 12.13 £ 0.18 9.37 £ 0.44
53 17 20 56.42 +57 47 39.4 16.51 £+ 0.07 16.24 £+ 0.16 13.26 £+ 0.01 9.64 + 0.01
56 17 21 04.75 +57 53 34.8 13.27 £ 0.02 13.24 £ 0.02 13.04 £+ 0.42 9.50 £ 0.01
58 17 21 12.92 +57 56 14.7 16.91 + 0.09 15.86 £+ 0.11 13.12 £+ 0.45 9.45 £+ 0.01
59 17 21 16.98 +58 01 13.3 10.09 £ 0.02 10.12 £ 0.02 10.10 £ 0.03 8.95 £+ 0.01
60 17 21 22.84 457 50 29.5 14.95 £+ 0.03 13.46 £ 0.02 10.26 £+ 0.04 8.26 + 0.16
67 17 21 41.51 +57 52 35.5 16.18 £ 0.05 15.90 £+ 0.12 12.60 £+ 0.01 9.09 £+ 0.01
68 17 21 48.28 +57 58 05.3 16.27 £+ 0.06 14.81+ 0.05 11.66 £+ 0.12 9.03 £ 0.01
69 17 21 58.31 +57 49 22.5 8.23 £+ 0.02 8.24 + 0.02 8.12 + 0.01 8.14 £+ 0.16
70 1722 11.74 +57 56 52.7 17.02 £ 0.11 15.78 £ 0.11 12.26 £+ 0.20 9.25 £+ 0.01

ID : The ID of the XMM-Newtonsources.

RA, Dec : The position of inferred source.
W1, W2, W3, W4 : Magnitudes of the counterparts in different infrared energy bands of the
WISE . The extinction applied for the magnitude according to Table 12.5.
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Table 12.10: Catalogue of infrared counterpart of 2MASS(2003) catalogue

ID: The ID of the XMM-Newton source.

ID RA(J2000) Dec(J2000) J K
(Degree) (Degree) (mag) (mag)

4 17 18 56.89 +57 51 04.1 15.72 4+ 0.07 14.44 4+ 0.10
10 1719 10.33 +5749 48.1 15.96 £ 0.09 14.61 £ 0.08
13 1719 20.17 +575401.5 14.39 £ 0.08 13.15 £ 0.07
16 17192598 +575019.1 11.19 £0.02 10.71 £ 0.02
27 1719 57.76 +57 50 06.2 14.40 &+ 0.03 13.47 £+ 0.04
31 17201392 +5750524 1633 +£0.11 1543 £ 0.17
33 17201796 +575104.5 1497 + 0.05 14.13 £ 0.079
35 1720 21.88 +575826.6 7.76 + 0.03 7.45 4+ 0.01
39 1720 25.64 +575304.5 10.42 &+ 0.02 10.21 &+ 0.01
43 17 20 33.62 +58 08 29.8 15.24 £ 0.06 13.87+ 0.07
45 1720 37.62 +58 02124 8.49 4+ 0.02 7.79 £ 0.02
56 17 21 05.04 +575338.3 13.98 £0.03 13.33 &+ 0.03
59 1721 16.66 +58 01 16.5 10.45 £+ 0.02 10.12 £ 0.02
60 17212292 +575029.3 16.66 & 0.16 15.39 + 0.01
69 17 21 58.32 +574922.7 9.01+ 0.02 8.31 £ 0.03

RA, Dec: The position of infrared source in 2MASS catalogue.

J, K: Magnitudes of the counterparts in different infrared energy bands of

2MASS.
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Table 12.11: Catalogue of radio counterparts of 1.4GHz NRAO VLA Sky
Survey(NVSS-1998) catalogue

ID NVSS-ID RA(J2000) Dec(J2000) Flux =~ Major-Axis Mijor-Axis
(Degree) (Degree) mJy (") )

12 171919+575940 259.83200  57.994690  8.7+0.5 26.2 24.8

13 171920+575359  259.83471  57.899890  3.5£0.4 47.6 42.0

51  172051-+575517  260.21479  57.921500 56.7+£2.1 26.0 15.9

ID: The ID of the XMM-Newton source.

NVSS-ID: ID of the radio source in NVSS catalogue.
RA, Dec: The position of radio source.

Flux: Integrated 1.4GHz flux density of radio source in
milliJansky (10-26W /m2/Hz).
Major-Axis: fit(deconvolved) Major axis of radio source .
Minor-Axis: fit (deconvolved) Minor axis of radio source.

Table 12.12: Catalogue of X-ray counterparts of ROSAT(2000) catalogue

ID RA(J2000) Dec(J2000) rlo Count-Rate HR1 HR2
(Degree) (Degree) () (ct s71)

14 1719 21.60 —+574941.9 8.5 3.680e-03 £ 1.01e-03 0.00 £ 0.31 0.47+ 0.33
20 1719 34.80 +575849.1 6.3 1.146e-02 £ 1.71e-03 -0.08 & 0.15 0.37 &+ 0.19
27 17195779 +575006.0 5.2 4.189-02 £ 3.31e-03 -1.03 = 0.01 -

35 1720 21.60 +575826.0 3.7 1.083e-01 £ 4.96e-03 0.51 &= 0.04 -0.07 & 0.05
43 1720 34.01 +58 08 33.0 13.9 3.501e-02+ 3.33e-03 0.10 £ 0.1 0.11 &+ 0.12
44 17203720 +5748 54.0 6.9 3.137e-02 &+ 2.73e-03 -0.57 £ 0.07 -0.58 £ 0.15
45 1720 37.61 +580208.9 7.9 2.770e-02 4+ 2.61e-03 0.77 £ 0.07 0.13 £ 0.10
50 17 20 53.30 +574153.9 14.1 3.130e-03 £ 9.65e-04 1.56 &= 0.70 0.79 + 0.24
51 1720 52.01 +575509.8 5.3 3.639e-03 £+ 1.01e-03 0.31 &= 0.38 0.58 &+ 0.30
69 1721 56.90 +574923.9 14.9 5.528e-02+ 3.77e-03 0.51 &= 0.06 0.22 &+ 0.08

ID: The ID of the XMM-Newton source.
RA, Dec: the position of X-ray the ROSAT source.

Count-Rate: the flux of X-ray sources in ROSAT catalogue.

HR1, HR2: Calculation of hardness ratio has been explained in 5.4.7.
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Table 12.13: Catalogue of X-ray counterparts of Chandra Catalogue

ID RA(J2000) Dec(J2000) rlo FLUX(b-band) hrl  hr2
(Degree) (Degree) () (erg s7! m™2)
13 1719 19.77 +57 53 56.4 7.05 8.30%:%6—15 -0.22 0.04
20 17193454 15758504 0.78  1.10M7613  -0.02 -0.30
23 171945.38 +575257.3 1.00 1.86%%56—14 -0.01 -0.06
29 17200851 5758211 1.17  4.0434e15  -0.07 -0.18
30 172009.95 +575408.6 0.87  6.2377%-15  0.05 -0.12
33 1720 18.03 +575105.0 1.11 4.352:%6—15 -0.01 -0.49
35 172021.97 +575826.8 0.30 LI121Me12 012 -0.61
38 1720 25.48 +575239.6 0.60 7.272:8?6—15 -0.05 -0.02
30 172025.66 5753047 0.54 419215 -0.06 -0.73
40 17 20 28.43 +57 56 23.2 0.43 8.83%:%6—15 -0.03 -0.26
A7 17204024 15756479 0.88 1150814  -0.03 0.02
48 17 20 43.08 +57 54 43.2 0.35 5.472:826—14 0.33 -0.03
49 17 20 47.15 +575323.2 0.50 1.90%%26—14 -0.08 -0.10
51 172052.32 45755133 032  LI7'%c13 001 -0.18
54 17 21 00.47 +575153.2 1.31 8.13%91':1,)6—15 0.03 -0.07
56 17 21 04.75 +57 53 35.2 1.04 8.89%826—15 -0.05 -0.49
58 1721 12.96 +575615.1 1.99  7.449%e15  -0.11 -0.11
67 17214114 15752364 275  2.8533le14 001 -0.23
68 17214807 15758052 7.02 285 %14 018 -0.12
70 17221241 +575651.5 7.92 0.002%e+14 -0.16 -0.15

ID: The ID of the XMM-Newton source.

RA, Dec: The position of X-ray the Chandra source.

Flux: The flux of X-ray sources in the Chandra catalogue.

HR1, HR2: Calculation of hardness ratio has been explained in 5.4.7.
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Figure 13.1: SDSS9 optical images at the position of the XMM-Newton X-ray
sources in the field of the Draco dSph. The details of the counterparts are given
in Table 12.6
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